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ABSTRACT 

The incidence and known distribution of paralytic shellfish poisoning (PSP) have 
both increased dramatically in recent decades. A concurrent rise in bloom jfrequency and 
geographic range of PSP toxin-producing ^Zera/w/rfM/n dinoflagellates explains the 
inorease in PSP, but the reasons for changes in Alexandrium occurrence are unknown. 
This thesis explores the phylogeny, taxonomy, and biogeography of Alexandrium in light 
of this recent expansion. 

Alexandrium phylogeny was reconstructed through rDNA sequence analysis and 
compared to traditional morphological taxonomy. Alexandrium split into two groups, 
termed the a and p clades. Interspecific relationships did not correlate with the 
morphological traits traditionally used to identify and group species, although other traits 
appeared phylogenetically conserved. The ability to produce toxins has been acquired 
and/or lost multiple times during Alexandrium evolution. 

Because most PSP events are caused by eilher the tamdrensis or minutum complexes, the 
phylogeny, species definitions, and biogeography of each complex was examined. The 
morphospecies of the tamarensiscom^\sK,A. catenella, A. tamarense, mdA.ftmdyense, 
did not represent valid species by the phylogenetic, biologic or morphological species 
concepts. Instead, five cryptic species were identified through phylogeny and mating 
incompatibility. A. universa and A. toxipotens contain all toxic strains, while A. 
mediterra, A. tamarensis and A. tasmanense contain only non-toxic isolates. Within the 
minutum group, A. lusitanicum and A. angustitabulatum were also not distinct species 
based on morphology and phylogeny while A. insuetum and A. tamutum were clearly 
distinct. Three new minutum group species were identified on the basis of morphology, 
phylogeny and prior research. Unlike the pattern found for the tamarensis complex, toxic 
and non-toxic A. minutum strains cannot be segregated based upon LSU sequences. The 
reconstructed biogeography of the tamarensis and minutum complexes indicate that both 
natural dispersal and human-assisted transportation of^/exanc^rfMm have caused the r^^ 
geographic spread. Human-assisted transport of toxic A. catenella-type ceUs firom Asia ft 
to the Thau Lagoon, France, was demonstrated in chapter IV. 

This thesis demonstrates the importance of human action in the recent PSP increase, 
better defines species boundaries and provides an mvaluable genetic database for tracking 
fiiture Alexandrium spread and distinguishing between harmful and non-toxic 
Alexandrium blooms. 
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Ch^terI: Introduction 

A hannful algal bloom (HAB) is an increase in the abundance of a particular algal 

species which causes detrimental effects. These effects can be in the form of aerosolized 

toxins, toxins which pass from the algae through thefepd chain to bioaccumulate in fish 

or shellfish or anoxia caused by the decay of the algal biomass (Anderson, 1994; 

Hallegraefif, 1993). HAB toxins can cause severe ill health, with effects ranging from 

vomiting, diarrhea, amnesia, paralysis and death (Hallegraeff, 1993). Fishery closures 

and health effects can also result in substantial economic losses (Hallegraefif 1993). The 

impact of HABs on human society has grown with our increased reliance on fisheries and 

use of coastal oceans for aquaculture (HallegraejBf, 1993). HABs can also effect ammal 

populations, causing fish death (Cembella et al., 2002) and illness and death to marine 

mammals (Durbin et al., 2002; Trainer et al., 2001). 

The incidence of HABs and the number of areas in which they occur have both risen 

dramatically in the past thirty years (Anderson, 1989; Hallegraeff, 1993). This increase is 

especially apparent for the paralytic shellfish poisoning (PSP) syndrome, which was 

known from only North America, Europe and Japan in 1970 (Dale and Yentsch, 1978), 

and is currently found in multiple countries on all six temperate continents (Fig. 1^ 

Anderson, 2001; Hallegraefif, 1993). 
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PSP is caused by saxitoxin and its congeners (Hall at al., 1990), neurotoxiiis so potent 

that a minute quantity, less than SOOfxg, can be fatal to humans (Hallegraeff, 1993). 

Several types of microalgaecan produce these toxins, includiiDg cyanobacteria, 

dinoflagelletes of the genus Alexandrium, Gymnodinium catehatum and Pyrodinhm 

bahamense (Hall et al., 1990). In tropical areas, PSP is often caused by P. bahamense or 

G. catenatum (Osbhna et al., 1993; Usup et al., 1994) Some ^/eranrfnum species can 

cause PSP in tropical climates, notably k. cohorticula mdA. tamiyavdnichii (Fxkayo et 

al., 1988; Kodama'et al., 1988; Usup et al., 2002). In temperate areas, PSP toxms ate 

produced by other spedies of Alexandrium. At least a tihdrd of the approximately 30 

species of this genus are known to produce toxms, though most toxic events are caused 

by species in either the tamare/isis or minutum species complexes (Balech, 1995; Taylor 

etal.,1995X 

Alexandrium is a medium sized, simply shaped, generally autotrophic dinoflagellate 

found in coastal waters tlffoughout the globe (Fig. 2, Balech, 1995). Though neMy 

monospecific blooms are occasionally observed, Alexandrium is often a minor 

component of the phytoplankton, (Anderson, 1997,1998; Cenibella et al, 2002). Even 

so, it can pose a serious threat to public health at concentrations as low as a few hundred 

cells per liter due to the extreme potency of the toxins (Hall et al., 1990). Alexandrium 

populations are generally highest in the spring in temperate waters, and along frontal 

zones when nutrient levels are higher (Anderson, 1998; Gayoso, 2001; Giacobbe et al.. m 
1996). ^ 

10 
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When nutrient levels decKne at the end of an Alexandrium bloom, the haloid vegetative 

cells are stimulated to fcHm gametes. Gametes of compatible mating types fuse to form a 

zygote which transforms into a resting cyst. The cysts are deposited in the sediments, 

where they are enable of remaining dormant for years. Only when oxygen, light, and 

temperature are optimal will the cysts germinate. The newly excysted cell divides by 

binary fission into vegetative cells. Under optimal conditions, these vegetative cells 

reproduce asexually to form blooms (Fig. 3, Anderson, 1998). 

Because tiie dormant cysts of Alexandrium can survive without oxygen or li^t, it was 

hypothesized that they could survive for indefinite periods of time in title ballast water 

tanks of shipping vessels (HaUegraeff and Bolch, 1991). Surveys of ballast water have 

indeed found Alexandrium cysts which have been successfiilly germinated into toxic 

^/exa7K?rfMOT cultures (Hallegraeff and Bolch, 1991). 

Transportation of Alexandrium in ballast water to areas previously unaffected by PSP is 

one possible cause for tite recent rangie expansion (Anderson, 1989; Hallegraeff, 1993). ^ 

Human assisted-transportation couM also Occur with the importation of shellfish seed 

stock firom an infected area, as Alexandrium me capable of surviving passage through the 

guts ofcommonly farmed shellfish (Laabir and Gentien, 1999). - 
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Alexandrium may also be spreading through natural means from areas where PSP is well 

known to adjacent areas, beingitransported by currents and weather phenomena. In other 

areas, it is likely that Alexandrium were always present in very low numbers, and have 

only recently been stimulated to bloom (Anderson, 1989; Hallegraeff, 1993). Ei&er of 

these two scenarios probably involves some environmental change that has allowed 

Alexandrium to flourish where previously it did not This change could be in the form of 

human alteration of habitat, coastal eutrophication, global warming. El Nino events, or 

some other means. 

A fourth possibiUty that cannot be ignored relates to the fact that scientific awareness and 

monitoring for harmful algae have risen in recent decades. Alexandrium might be newly 

documentedwhereihey have hitherto been unkiiown simply because they were not 

sought (Anderson, 1989; Hallegraeff, 1993). hi most cases, this possibility is difficult to 

exclude, but monitoring records from areas in areas such as the French coastline (Abadie 

et al., 1999) clearly show that that the range expansions of Alexandrium are real. 

One of the major goals of this thesis was to examine the biogeography of Alexandrium 

and to apply this information to reconstruct possible mechanisms of dispersal. Before 

this was possible, however, a phylogenetic framework was needed to determine the 

relationships among Alexandrium species and strains. Taxonomyin Alexandrium has 

traditionaiUy relied upon cell shape, chain forming ability and minute details of thecal 

plate tabulation (Balech, 1995), and carefid examination and expertise are often required 

12 



irms'j.fi.-^ssaFsenm 

to avoid confusing similar species. Because CQTtamAlexandnum species can pose a 

serious human health threat, the morphology and taxonomy of this genus have been 

extensively studied and revised (e.g. Bdech, 1985; Balech, 1995; Fukuyo, 1985; Taylor, 

1984,1985; Taylor et al., 1995). Despite this effort, no consensus has been reached as to 

which morphological details are taxonomically useful and which species are valid. The 

taxonomic craifusion and difficulty involved in correctly identifying some Alexandrium 

species mean AatAlexandrium are often misidentified, which could confound 

biogeo^aphic studies. 

Taxonomic difficulty is not uncommon when considering single-celled organisms, and 

researchers in many fields have turned to molecular tools to clarify relationships among 

all types of organisms. Protein electrophoresis (Cembella and Taylor, 1^86; Hayhome et 

al., 1989; Sakoetal., 1990) and antibody experiments (Costasetal., 1995;SakoetaL, 

1993) yielded confusing results. Analysis of ribosomal RNA genes (rDNA) offered a 

potential explanation: mdrphologicaHy defined species did not necessarily correlate with 

phylogenetic lineages, especially within the tamarensis complex anAA. minutum sniiA. - 

/Msffa«zcMm(Scholinetal., 1995; Scholinetal., 1994; Spalter et al., 1997; Walsh etal., 

1998). 

Unfortunately, DNA-based studies of Alexandrium phytogeny have beeniimited in the 

range of spedies examined with no study including more than a third of Alexandrium' 

species or multiple representatives of most species. The second chapter of this thesis 
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provides a more comprehensive phylogeny^ and uses it to assess the stability of key 

morphological traits used in taxonomy. The evolution of toxicityin^/examfnuw is also 

explored, and found to be more complex than previously realized. 

Nearly all PSP-causing.4/ecawrfrzMm blooms involve specie of either ih&tamarensis 

complex, {A. catenella, A. tamarense, mdA-Jimdyense), orihe minutum groups, {A. 

minutum, A. lusitanicum and other small species) (Cembella, 1998). interestingly, boA 

of these groups also contain non-toxic strains (Hingman et al., 2001; Kodama et ^., 

1987). 

The tamarensis complex is the more well-studied of the two, as until the 1980s A. 

minutum was known jfrom only a limited geographical distribution (Hallegraeffet al, 

1988). There is a surprisingly large database of large subunit ribosomal DNA (LSU 

rDNA) sequences for the tamarensis complex in the literature and in GenBank<Hingman 

et al., 2001; Kim et al., 2003; Kim and Kim, 2002; Scholin et al., t994). The first rDNA 

studies included strains jBrom North America, western Europe, and Japan (Scholin and 

Anderson, 1994; Scholin et al., 1994), the areas from which the tamarensis complex was 

originally known (Hallegraeff, 1993) and Australia, where the tamarensis complex first 

caused PSP in 1986 (HaUegraeff et al., 1988). There was no correlation between 

phytogeny and moiphospecies; rather, phytogenetic clades corresponded with the 

geographic origins of the strains (Scholin and Anderson, 1994; Scholin et al., 1994). An 

unexpected correlation between phytogeny and toxicity was also observed; each clade - 

9W4 
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contained either only toxin-producing strains or onlyiK>n-toxic strains. These intriguing 

results have prompted DNA sequence analysis of tamar&nsis complex strains in the 

United Kingd<Hn (Hingman et al., 2001) and South Korea (Kim.etal., 2003; Kim and 

Kim, 2002). These studies have been informative, but large gaps in our knowledge still 

exist. There was no data available for Russia, South America or South Afiica, three 

locations where PSPand;4/exa7ic&TMm have now been documented. Chapter m of this 

thesis provides this data and combines it with the existing sequence data to produce a 

truly comprehensive global phylogeny. Mechanisms of dispersal, evolution of toxicity 

and species boundaries within the tamarensis complex were evaluated in context with 

this phylogeny. 

The biogeographic reconstruction produced in chapter III highlighted an unusually clear- 

cut case of a human-introduced toxic population of tamarensis complex Alexandrium in 

the Thau Lagoon, France. A monitoring program in place along the French coast 

provided a decades worth of data in that lagoon showing only A. minutum (Abadie et al., 

1999). Chapter IV documents the arrival of catenella type Alexandrium in this lagoon, 

and uses DNA sequence data, morphological observations and analysis of toxin 

composition to demonstrate tiiat this population was introduced from the Western Pacific. 

Chapta: V focuses on the A. minutum and related species. While A. mirmtum, fee type 

species for^lexandriumhas been known since 1960 (Halim, 1960), this species has 

received limited attention from the scientific community. In part this was due to its 
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limited geogr^Mc range; imtil recently, A mznMfMm was known only fr^ 

waters of the Mediterranran Sea, Taiwan aad New Zealand (Hallegraeff et al., 1988). 

The distribution of ^. minutum is now koown to include Australia, New Zealand, the 

North Sea, tiie Baltic Seaand India in addition to these are^, and the frequency of toxic 

blooms caused by A. minutum is also increasing<see chapter V). No substantial genetic 

analyses had been done on Arjninutum, but llie few available sequences, morphologic and 

toxigenic analysis of ^. minutum and A. lusitanicum strains suggested thatthese 

morphospecies may be a single species (Franco et al., 1995; Zardoya et aL, 1995). 

Chapter Y provids a DNA-based phytogeny of ^. minutum, A. lusitanicum, and the other 

small species A. insuetum and A. tamutum. Detailed morphological analysis of thecal 

plate shapes and sizes was used to determine that the morphologically defined species A. 

lusitanicum and A. angustitabulatum were variants of ^. minutum, and not separate 

species. The biogeography of tMs group is also explored and dispersal patterns 

reconstructed. 

Through these chapters, this thesis explores the phytogeny, taxonomy, and biogeography 

of Alexandrium as a whole, with particular focus on the two most important PSP-causing 

groups within the genus. The results are examined in Hght of therecent range and bloom 

expansion, and reconstructions of the biogeography and dispersal of these organisms 

were put forth. This thesis clarifies species definitions, provides an excellent tool for 

tracking Se origins of Alexandrium populations discovered in the fixture, and clearly 
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demonstrates the need for ftirther strict controls on ballast water discharge to control 

invasive species. 
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Figure 1. The known global distribution of paralytic shellfish poisoning in 1970 (top) 

and 2000 (below), modified from Anderson (2001). 
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Figure 1. 
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Figure 2: Alexandrium c&lk. A: A. mirmtum stairieki with calcofluor white (Chajpter V), 

B: A cafewe//a hght niicrogiaph (Clii^ter rV). 
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Figure 3. The Alexandrium life cycle. 1: cysts can lay donnant in the sediments for 

years, 2: when light, temperature and oxygen occur at sufficient levels, cysts may 

germinate to produce a single cell which can then divide by simple fission, 3: if 

ccmditions are optimal, vegetative cells can divide exponentially to bloom proportions, 4: 

when nutrients or other fectors are limiting, vegetative cells produce gametes, which tibed 

fuse with gametes of icompatible matmg types to forra zygotes, 5: zygotes form cysts, 

which deposit in ocean sediments and become cajpable of germinating Ihe following year. 

Modified firomAndierson (1998). 
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Chaptear II: Phylogaiy of the toxic dinofl^ellate genus Alexandrium (Dinophyceae) 

ABSTRACT 

Alexandrium (Halim) is a Gosmqpolitan dinoflagellate genus contaimng at least 10 

recognized species responsible for paralytic shellfish poisoning (PSP) and numerous non- 

toxic species. Because of the human health and economic impacts of PSP, Alexandrium 

morphology and taxonomy have been extensively studied, reevaluated and modified, yet 

there is still confusion regarding species identification and relationships. DNA sequence 

data provides an independent means of assessing ^/exawiinMTwphylogeny, but previous 

work has been limited in species and geogrEq)liic representation. We analyzed D1-D2 

LSU rDNA sequence data for 52 strains in 16 morphospecies using phylogenetic 

reconstruction model testing, nested maximum likelihood analyses andBayesian 

analysis. Alexandrium split into two groups, termed the a clade and the p clade. More 

descriptive names could not be assigned as no apparent morphological trait was shared by 

all members of each clade; The a clade was strongly supported, and inchided the 

tamarensis complex, a clade containing^, affine and A concavum, and a clade of tiie 

tropical species, A. tamiyavanichii and A. tropicale. The p clade comprised species of 

various morphologies, including^, minutum, A. lusitanicum, A. insuetum, A. "tamutum," 

A. ostenfeldii, A. leei, A. pseudogonyaulax, A. margelefiiandA.andersoni. Interspecific 

relationships within these clades were unexpected and did not correlate with the 

morphological traits traditiondly used to group species. However, other morphological 

traits, such as the shape of the posterior sulcal (S.p.) plate, appeared to be 
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phylogenetically comerved, and may be useM in estabKshmg a re^ 

taxonomy. Toxicity also did not correlate with phylogeny, as toxic and non-toxic 

Alexandrium strains were dispersed throughout the tree, suggesting that the ability to 

produce toxins has been acquired and/or lost multiple times during-^/eccawdn'MTw 

evolution. 

INTRODUCTION 

Alexandrium is a. cosmopolitan genus of dinoflagellates containing approximately 30 

recognized species (Balech, 1995). At least a Hmd of Alexandrium species produce 

toxins, including spirolides (Cembella et al., 2001)^ saxitoxin and its congeners, which 

are responsible for paralytic shellfish poisoning (PSP) (Taylor et al., 1995). PSP can 

cause permanent neurological problems, paralysis, and death in humans (Hall et al., 

1990) and marine mammals (Dmbin et al., 2002). PSP is also of concern due to the high 

cost of monitoring for toxicity and the fiscal losses incurred with shellfish industry 

closures and health effects. It is therefore alamung that both the bloom firequency and 

geographic range of ^/exan^/nwrn species appear to haye increased substantially in the e^ 

past tlurty years (Anderson, 1989; Hallegraeff, 1993; Lilly et aL, 2002; Vila et al., 2001). 

Determining the causes of this range expansion and ensuring sufficient warning when 

toxic species are present both require accurate identification and deliaeation of 

Alexandrium species. Alexandrium is a round, relatively non-descript dinoflagellate with 

no homs or spines, which means that assigning a specimen to a morphologically 

-■v%. 
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recognized species relies upon minute details of thecal plate tabulation (Bal^^ 1995) 

and requires expertise and carefiil examination to avoid confusing sinular species (e.g., A. 

tamarense and A. tropicale). 

Because of the human health risk and economic impacts associated with certain 

Alexandrium species, tiie morphology and taxonomy of this genus have bem extensively 

studied by multiple scientists. Despite this effort, there is still disagreement as to which 

morphological details are taxonomically i3seful (e.g. Balech, 1995; Kim etal., 2002;    ; 

Taylor et al., 1995) and there have, been many revisions to the taxonomy of these 

dinoflagellates. Species have been combined or split and new species are continuing to 

be proposed (Anderson et al., 1994; Kita and Fukuyo, 1988; MacKenzie and Todd,2002- 

Moestiip and Hansen, 1988; Montiresor et al., 2002), and the Alexandrium genus has 

been divided and renamed so often that it currently contains species once variously 

described in the genera Alexandrium, Gonyaulax, Goniodoma, Pyrodinium, Gessneriim, 

Protogonyaulax and Glenodinium (Balech, 1995). This taxonomic confusion and the 

difficulty involved in identifying a species means that strains are frequently misidentified 

as similar or common species. 

Recent taxonomic and phylogenetic wcwrk on Alexandrium has continued researdi on 

morphological traits (Kim et al, 2002; Yoshida and Fukuyo, 2000) and incorporated 

independentTeatures such as biochemical (Hayhome et al., 1989; Taylor, 1993) and DNA 

sequence comparisons (Adachi et al., 1996; Scholin et al., 1994; Walsh et al., 1998). 
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Conchisionsbasedon these different techniques conflict in terms of species delineation, 

especially within the tamarensis species complex (A. tamarense, A. catenella zsidiA. 

fimdyense).   Studies of Alexandrium phytogeny (Adachi et al., 1996; Scholin et al., 

1995; Scholin et al., 1994; Usup et al., 2002; Walsh et al., 1998) have been hmited in the 

range of species exaininedwilh no study including more than a third of Alexandrium 

species or multiple representatives of species not within ihetamarer^is complex. 

Most DNA-based research is focused on the tamarensis species complex due to the 

predominance of highly toxic striains within this group. Yet non-toxic strains also occur 

in the tamarensis complex, and toxic strains occur in several other species (Chang et al., 

1997; Hansen et al., 1992; Kodama et al., 1987; Ogata et al., 1987). The evolution of 

toxicity in i4fexa/iJnM7n is miknown due to the lack of a detailed reconstructed 

phytogeny, and this has prevented the development of hierarchical probes delineating 

toxic and non-toxic ^/exanc&7Mm. 

The primary goal of this study was to produce a robust phytogenetic framework for 

Alexandrium. To this end, we used the D1R-D2C region of large subunit (LSU) rDNA 

data to examine the evolutionary history of 52 Alexandrium isolates representing the 

diversity of this genus. Phytogenetic analyses improved upon previous work by 

incorporating known parameters &om Alexandrium LSU data into models of hucleotide 

evolution in likelihood and Bayesian analysis. We used this evolutionary framework to 

test proposed classification schemes and draw inferences about ^/exorwimm evolution, 

sC 
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morphology and toxin production. This work provides an ind^endent genetic context 

for future morphological taxonomic work. 

METHODS 

Cultures. Table llists the strains used in this study with their morphospedes 

identijBcation, locality of origin, toxicity, GenBank accession number and original 

citation. Strains were chosen to include rq)resentatives of all available Alexandrium 

species and several closely related genera as potential outgroup taxa. When more than 

one strain or sequaice of a particular species was available, strains representingmultirpie 

geographic locations were chosen. Sequences from the literature represented a variety of 

authors and previous studies (Band-Schmidt et al., 2003; Daugbjerg et al., 2000; Godhe 

et al., 2001; Guillou et al., 2002; Haywood and MacKenzie, 1997; Kim and Kim, 2002; 

Lenaers et al., 1989; Rehnstam-Hohn et al., 2001; Scholin et al., 1994; Walsh et al., 

1998; Zardoya et al., 1995). New sequences were derived from 27 cultures maintained as 

described by Anderson et al. (1984). Cultures were>incubated at 15,20 or 26°C, 

depending upon which temperature most closely ^proximated the natural environment, 

DNA extraction. Because the multiple membranes and tihecae of dinoflagellates 

can be difBcult to rupture, we used a modified DNA extraction protocol. - Cultures were 

harvested in mid-exponential phase and subjected to osmotic shock with the addition of 

deionized water at 4 times the culture volume to induce ecdysis. The cells were 

„.-i 
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centrifiiged and the peUet re^ispended in 100 {Jil of tiie lysis bufifer provided in the : 

Qiagen (Valencia, CA) DNeasy kit. Samples were boiled for 25 miniites, frozen to 

-20°C and thawed on ice. Whole cell lysis products were used directly or the DNeasy 

protocol was then followed as recommended by the manufacturer. 

PCR amplification ofDl-D2 LSU rDNA. kppxo-mosA&ly 700 basepairs (bp) of 

divergent domains 1 and2 (D1-D2) of the largesubunitribosomal DNA (LSUrDNA) 

were amplified from purified DNA or whole ceU lysis products using the polymerase 

chain reaction with the DIR and D2C primers and 1-5 ngtemplate, as previously 

described (Scholin and Anderson, 1994). Products were purified in Qi^en MinElute 

PCR purification columns and stored in autoclaved distilled deionized water (dDIW) at 

-20°C. The concentration of purified products was determined relative to a DNA mass 

marker ladder (Low DNA Mass Ladder; Life Technologies, Carisbad, CA). 

DNA sequencing. DNA sequencing was conducted from purified PCR producte 

with BigDye version 3.0 from Applied Biosystems, inc. (ABI; Foster City, GA). We ' 

used 6 |Al volumes, with 20 ng template, 1.5 pM primer and 1 |il BigDye. Reactions were 

run for 30 cycles of 96°C for 30 sec; 50°C for 15 sec; 60°C for 4 min, with a final hold at 

4°C. Reactions were purified in Sephadex (Amersham Biosciences Corp., Piscataway, 

NJ) columns or via isopropanol precipifetion, then vacuum dried and stored at -20''C. 

Reactions were later resuspended in loading dye and run on either an ABI 377 or ABI 

3700. Templates were sequenced in both directions. 
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DNA sequence analysis. Sequences were examined using the ABI Sequencing 

Analysis and AutoAssembler software and checked for accuracy of base-calling. 

Sequences were assembled in ABI AutoAssember and again checked. Two alignments 

were created using Clustel X (Gibson et aL, 1994) and checked in MacClade (Maddison 

and Maddison, 2000). The first contained six representative Alexandrium strains and the 

possible outgroiip taxa. The second alignment included all Alexandrium sequences and a 

single outgroup taxa chosen after analysis of the firstahgmnenL Forhoth data sets, 

ambiguously aligned portions were excluded, andthe final ahgnments were submitted to 

GenBank. -■■ 

The Modeltest program (Posada and Crandall, 1998) was used to determine the most 

appropriate substitution model and associated parameters. PAUP version 4.0bl0 

(Swofford, 2002) was used for phylogenetic analyses. A parsimony analysis (1000 

random-sequence-addition replicates wife tree-bisection-reconnection branch swapping) 

was used to generate starting trees for maximum likelihood analyses usingmodel 

parameters generated in Modeltest One hundred bootstrap repUcates were run. 

Robustness of the tree was examined by running additional analyses without the 

outgroup, without each of the taxa with exceptionally long branches, AiFr, AP2T and 

AlMSOl, and with only a single randomly selected isolate for each morphospecies. 

Bayesian aiSlyses were also run, using Mr. Bayes 2.01 (Huelsenbeck and Ronquist, 
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2001) and Modeltest parameters. The analysis was run for 100,000 generations with 6 

chains. Trees were sampled every ten generations. 

Statistical testing. In addition to the bootstrap analyses, Shimodaira-Hasegawa 

likelihood-ratio tests (Shimodaira and Hasegawa, 1999) were preformed to test various 

hypotheses of Alexandrium evolution and stability of key nodes (shown in Fig. 3). The 

constraints used to generate tree topologies of selected hypotheses are listed in Table 2. 

For each constraint, nested maximum likelihood aialyses were run using PAUP as 

described above. Shimodaira-Hasegawa tests using RELL bootstrap (one-tailed tests) 

were carried out using PAUP. 

RESULTS 

Otagroup analysis. 

The data set included 16 taxa, including representatives of Alexandrium and its nearest 

relatives. Because the analysis focused on divergent regions of rDNA, much of the: 

sequence could not be aligned with complete certainty and was excluded from this 

analysis. Of the 372 inchided characters, 127 were constant, 52 were variable but 

parsimony-uninformative, and 194 were parsimony informative. 

Model testing. ModelTest estimated nucleotide frequencies^ A=0.3384, 

C=0.1474, G=0.2411, and T=0.2731. The best fit to the data was obtained with six 
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substitution types andrates, (AC: 1, AG:1.8Q74, AT: 0.5516, CG: .5516, CT: 5.7708, 

GT: 1), with among-site rate variation (a = 0.7705 with four rate categories) and no sites 

assumed to be invariable. These setting correspond to the TIM+G model (Rodriguez et 

al., 1990). 

Phylogenetic analysis. Fragilidium fell as a sister clade to Alexandrium, with 

Gonyaulax baltica outside that clade (Fig. 1). However, G. fca/ftcot branch lengths were 

shorter than those of F. subglobosum said approximately 100 bp more Alexandrivm 

sequence could be unambiguously aligned with the G. baltica sequence than with the F. 

subglobosum sequence. Therefore, G. bahica, K-0487, was chosen as the outgroi^ for 

subsequent analyses. 

Analysis ofAlexandrium. 

The final data set included 708 characters, with 105 excludedfor ambiguous alignment. 

Of the 603 included characters, 186 were constant, 139 were variable but parsimony 

uninformative and 278 were parsimony informative. 

Model testing. ModelTest estimated nucleotide -frequencies as A==0:2850, 

C=0.1495, G=0.2551, and T=0.3104. The best fit to the data was obtained with six 

substitution types and rates, (AC: 1, AG: 2.1189, AT: 0.7789, QQ: .7789; CT: 3.7929, 

GT: 1), with among-site rate variation (a = 0.7574 with four rate categories) and no sites 
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assumed to be invariable. These settings correspond to the TIM+G model (Rodriguez et 

al.,1990). 

Phylogenetic analysis. Parsimony analysis returned 6264 most parsimonious 

trees, (tree length = 1068). This set of trees was arbitrarily dichotomized and scored in 

PAUP (Swofford, 2002) using fee likelihood model criteria. Ifee 108 trees with the best 

likelihood score (-hi 4422J6) were used as starling trees for the likelihood analysis. A 

single most likely tree of score -hi 4332:71 was foimd (Fig. 2a). The same tree topology 

was returned in analyses without the outgroup, without long-branch taxa and witih a 

single randomly selected strain of each morphospecies. Bootstrap analysis results are 

shown in bold type on Fig. 2b. A complete Ust of likelihood ratio tests, scores and p 

values is shown in Table 2 and pictured on Figures 2b and 3. 

Bayesian analysis converged upon a likelihood score fluctuating around 4990 after 9140 

generations. The first 914 trees were discountedas bum-in, and a^cmsensus tree was 

computed using the remaining 9086 trees. The consensus tree was identical to the most- 

likely tree produced by PAUP with one exception: the A. tamiyavanichii sequence was 

placed immediately basd to isolates CU-13, CU-15 and SAL Likelihood ratio tests 

indicate that this difference is not significant (Table 2, X p=0.838). Posterior probability 

values O^v) were always Higher than the bootstrap values (bv) for the same node unless 

both were 100%. Posterior probabilfty values are noted on Fig. 2b in italics. 
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Tree topology and support. The Alexandriwn are ^lit into two groirpSj termed 

the a clade and the p clade (Fig. 2 and 3). More descriptivfe names could not'be assigned 

as no apparent morfAiological trait is shared by all of Ihe members of each clade. The a 

clade contained three subclades: the tamaremis complex, (<4. tamarense, A. catenella and 

AJundyense, bV 97; ppv 100), a clade consisting of A: dffine said A; concdvwn (bv94; 

ppvlOO), and a clade consistingof the tropical species^. tamryavanichiisaidA. tropicale 

(bv 100; ppv iOO). Within the tamarensis complex, the three morphospecies AJ 

tamaremis, A. catenella 2sad A. fim<fyense'mXenxm'^^ 

morphospecies into separate clades was significaritly less likely (Table 2, S p==0.000). 

The tamarensis complex fell as a sister clade to tihe^. tropicale/tamiyavanichii clade, bat 

support for this pairing was not extremely high (bv 70; ppv 85). The a clade was well - 

supported in all analyses (ppv 100; bv 93), although the best tree without the type C clade 

was not significantly less likely (Table 2, J p=0.447). 

The p clade was composed of the moiphospeciesi4.771 wMfM/n, y4./itfftomcMm, A 

insuetum,A. "tamutum,"A. ostenfeldii, A. leei/A.pseudogonyaulax/A/margelefiimdA. 

andersoni. The p clade was not as robust as the a clade and was sensitive to alignment 

(bv <60; ppv 70). A. lusitanicum and A. mihutum isolates formed a single clade (bv <60; 

pp 95), as did A. insuetum clade (bv 63, ppv 94). A. "tamutum "isolates from Italy 'rfW' 
m 

formed a monophyletic clade, but a morphologically identical A. "tamxitum " strain firom 

Taiwan grouped outside this clade. The^. ostenfeldii clade formed a monophyletic clade l^ 

related to the A. minutum group, but support was low (bv <60; ppv 85). However, 
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suppcMt was high for each of two clades formed within the A. ostenfeldii, one coiiq)osed 

of sequences fr<Hn New Zealand (bv 84; ppv 99), the other of sequences from the Gulf of 

Maine and Denmaik (bv 99; ppy 100). .4. leeimdA-pseudogonyaulca formed a single 

clade with extremely lugh support (bv 100; ppv 100), but it should be noted these strains 

had very long branch lengths, in coinparison to the remainder of the tree. The four^. 

margelefii strains formed a well-supported monophyletic clade (bv 100; ppv 100), placed 

as sister taxa to the AAeei and A. pseudpgonyaulax strains.   However, in several 

constiaiiit trees examining other issues, the A. margelefii clade was placed as a basal 

member of the a clade, and &e most likely tree produced placing^, margelefii with the a 

clade was not significantly less likely (Table 2, BB p=0.838). A., andersoni was 

positioned basally branching in the p clade, but support for this placement was low (bv 

<60;ppv70).     , 

Morphology vs. molecular systematics.   Some morphospecies designations (e.g. 

A. margelefii and A: ostenfeldii) corresponded well with the tree topology. However, 

some clades contained strains of midtiple morphospecies, and some morphospecies were 

found in multiple clades (e.g. A., UmareTise/fimdyense/cater^lla wAA. 

mimaum/lu&itanicuni).  A search constrained by morphospecies resulted in a 

significantly less-likely tree (Table 2, A p=0.000). Modifying these criteria to include the 

soon to be described species A. tamutum (Mpntresor et al., 2002), which shares maiy   • 

morphological characteristics with A., tamarense, did not improve thje result (Table 2^ B 

p=0.000). 
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Within the tamarensis complex, tlie three moTphQspecies(A:tamarensis, A. catenella and 

A. fimdyense) interaungled. A tree constrained to separate the three morphospecies into 

separate ciades resulted in a sigriificantly less-likely tree (Table 2, S p=0.000). Constraint 

trees combining the^. minutum/lnsitanicum and A. "tamutum." ciades were not 

significantly less likely (Table 2, M p=0.155), but neither is a clade combining the^. 

minutum/lusitanicum and^. insuetum (Table 2,0 p=0.865). While the position of these 

ciades in relation to one another was uncertain, it is clear that the A. "tamutim " strains 

were much more closely related to tibie^. minutum/lusitanicum than to A. tamarense, the 

other morphospecies A. "tamutum "resembles (Table 2, Table Y p=0.000, Z p==O.OOG).^. 

leei and A. pseudogonyaulax formed a single clade with extremely high support (bv 100; 

ppv 100). These morphospecies are morphologically quite distinct, making 

misidentification of one of the strains unlikely. It should be noted these strains have very 

long branch lengths in comparison to the remainder of the tree which may have promoted 

long branch attraction. However, attempts to separate these strains produced a 

significantly less-likely tree (Table 2, H p=0.003, K p=0;014). 

Likelihood ratio tests were also performed for groups of species sharing morphological 

features. Balech (1995) described two subgenera in^/exaTz^n'Km, Alexandrium and 

Gessnerium, based upon tibe presence or complete absence of a connection between the 1' 

plate and the apical pore complex (Po). A likelihood ratio analysis testmg these 

hypothesized subgenera resulted in a significantly less-likely tree (Table 2, C p=0.002). 

;   ^ 
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Constrained searches were also run for the other species groupings described in Balech 

(1995): iSa&fraterculus group of dorso^ventraUy flattened chain formers (Table 2, D 

p=0.000), the minutum group of species with mail cell size (Table 2, E p=0.726), and the 

minutum group modified to include Ihe^. "to/WKft/m" strains (Table 2, F p=0.716). It 

was also unlikely that all chain forming species are more closely related to one another 

than to non-chain forming species (Table 2, FF p=0.000). 

A novel identification key by Makoto Yoshida (Fig. 2b, pers. comm. and cited in Usup 

(2002)) divided ihe Alexandrium into four groups based upcm the shape of the posterior 

sulcal plate (S.p.). The constraint tree consistent with these four groups was significantiy 

less likely than the best tree (Table 2, G p = 0.004). Constrained seardies were also run 

for each of the four groups individuaUy. Type A and Type D produced significantly less- 

likely trees (Table 2, H p = 0.003 and K p=0.014, respectively); type B produced a tree 

that was not significantly different from the best tree (Table 21 p = 0.940). Type C 

occurred as a monophyletic group in the best tree. The best tree without this group is less 

likely (Table 2, J p=0.447), but not significantly. 

DISCUSSION 

'^'i^ 
;' 

"-t* 

The phylogenetic reconstruction presented in this paper has uncovered unexpected 

relationships between and within morphospecies of Alexandrium.  Several of the 1 

morphological traits that have been traditionally used to identify species and determine 

t*3 

mt' 
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the relationshipsTjetween species (Balech, 1995) did not correlate with the distinct 

Alexandrium a and p ckdes or the placement of strains within each of these clades. The 

distnlMition of toxic and non-toxic strains throu^out the tree (Fig. 3) also indicated a 

complex evolutionary pattern in this phenotypic trait, with species evolvmg and/or 

loosing the ability to produce toxins multiple times: 

Morphology vs. molecular systematics 

Disparity between moriAological and genetic similarity has been noted previously for the 

tamarensis complex (Ganbella and Taylor, 1986; Franco et al., 1995; Scholin, 1998; 

Zardoya et al., 1995). Scholin et sL. (1994) presented convincing work demonstrating ; 

that the three morphospecies of the tamarensis complex,^, tamarense, A. catenella and 

A. fimdyense do not represent monophyletic clades based on either LSU and SSU rDNA 

sequencedata(Scholinand^Andersoni 1994; Scholin etal, 1994). Instead, they found 

that strains were groiqjedby geographic origin intothree main clades: Western European, 

North American and Temperate Asian. * 

Our analyses also found that A. tamarense, A.fimdyense. and J. catenella cannot be 

recovered as monophyletic clades, and that there were three main subgroups within the 

larger toznorensw dade. These three clades corresponded to Scholin et al.'s Western 

European, Norfli American and Temperate Asian, yet the geographic botmdaries 

separating the three clades are much less clear in our tree than in Scholi et al.'s original 

work. The central clade contains only isolates from Western Europe, but in the clade that 
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corresponds to Scholin et al's North American clade only two strains are from North 

America, while tiie other three represent G3iile, Japan, and Korea. All of the isolates in 

the third clade are from the Pacific Ocean, but tiiiey represent tropical Asia and Australia 

in addition to temperate Asia. We are presently investigating the relationships among 

tomarenjis complex strains using a much larger set of isolates to clarify this 

biogeographical issue. 

A. minuium and A. lusitanicum strains also do not form distinctgroups in tie 

phylogenetic reconstruction. Baleeb (1995) noted.that these two i^cies share extensive 

morphological similarity, but still considered them separate speciesbased upon the width 

ofthesulcal anterior plate (s.a.).  However, this trait may not be phylogenetically 

significant. Franco et al. (1995) observed seven strains of ^.mimdi0n^d:4./KszYimiciow 

in culture and found that the variation in the s.a. was as great wiliiin a singte cultiireas ;. 

betwerai^. minutum and A. lusitanicum according to the species descriptions (Balech,  • 

1985,1989).  There was also no difference between the morphospecies based upon toxin 

profiles or growth behavior. Zardoya et al. (1995) sequenced only two A. minutum and a 

single A. lusitanicum stram, but found the A. lusitanicum to be identical to (me of 1iie;4. 

mzn«rMm sequences and different from the other. Our. analyses have included nineJ1 

minutum and A. lusitanicum strains, and have also shown that these two morphospecies 

do not separate on the basis of LSUrDNA sequence.  The likelihood ratio test indicated 

that separation of ^. minutum and A. lusitanicum was not significantly less likely, but the 

'-"!& 

^ 
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difference was aibstantial (Table 2, M p=0.109). Perhaps a larger number of isolates i 

would indicate a s^nijScant difference. 

It is likely that A. minutum and A. lusitanicum are synonymous, but the recently 

proposed species A. "tamutum ". (Montresor et al., 2002) may indeed be a distinct species. 

The three Italian isolates formed a monophyletic clade closely related to A. minutum, md 

while a morphologically identical strain from Taiwan was not part of this group it did 

branch immediately basal to the other threes, tamutum strains and its separation did not 

have high statistical support The epitheca of^. "tamutum"Tes&nhles A. tamarense, 

while the hypotheca resembles A. minutum, but these strains were dejBnitely more similar 

to A. minutum. Until the new specaes A. "tamutum " was proposed^ the A. "tamutum " 

and A. minutum strains would have been considered to represent the same ^secies. While 

these two species mighthave been expected to be sister taxa based on this morphological 

similarity, two sequences of the species^, insuetum fell bet\yeeny4. minutum/lusitanicum 

doAA. "tamutum." One of the A. insuetum sequences has an extremely long branch 

length and Guillou et al. (2002) hypothesize it may be a pseudogene, but its removal did 

not change the tree topology and the long branch length therefore cannot explain the 

placement of the ^. insuetum strains between strainsof i4. minutum/lusitanicum andu4. 

"tamutum." 

Initially, the grouping of 4. minutum, A. "tamutum" and^. insuetum seems to conflict 

with morphology, as A. insuetum differs from A. "tamutum " and A- minutum by a highly 

45 



isi£23a9uaetsiaK ^BiisEEBSss^aem 

reticulated theca and shortened 1' plate which is not connected to the apical pore complex 

(Po) (Balech, 1985). Yet Balech (1995) reports slight reticiflation in^. minutum from 

Spain, France, and Portugal and full reticulation of the hypotheca and slight reticulation 

on the epithecaof ^. minutum from the gulf of Naples. The degree of connection 

between the 1' and Po also varies in ^. minutum. Atthe extreme of the spectrum, the 1' 

is shortened to the size of the 1' in^. insuetum and the connection is filamentous 

(Balech, 1995).  Thus, although the type specimens of the species A. insuetum and^. 

minutum are morphologically quite different, the large range of variation in A: minutum 

encompasses the distinguishing traits of A in5Meft/m. 

Likewise, other groupings of apparently dissimilar taxa may share moiphological 

similarities that have previously been overlooked. A. qffine and A. concavum differ 

greatly in size, shape, and chain forming ability, but have S.p. and 3*"' plates of identical 

shapes (Balech, 1985,1995; Fukuyoet al., 1985). A. tfopicale so greatly resembles^. 

tamarense that the isolates used in this study were previously identified as A. tamarense 

(Balech, 1985; Scholin et al., 1994), yet it ^ouped with the long-chain forming A. 

tamiyavanichii which is characterized by a reinforced ni^gin oh the S.a. plate that 

projects into the epitheca (Balech, 1995). However, the theca of ^. tropicale is 

omamented with small perforated bumps (Balech, 1995) and^. tamiyavanichii istiie 

only other species in our analysis to also possess these perforated bun^s. This thecal 

omamentation may be more phylogenetically significant than chain forming ability. 

Another species, A. acatenella, also has perforated bumps like A. tropicale, and displays 
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a reinforced margin on the s.a. plate (Balech, 1995). If the LSUrDNA sequence of^. 

acateneUa could be obtained and also fit into the v4. tropicale/taTmyavanichii complex, 

the evolutionary significance of the perforated bumps might be demonstrated. 

The remaining unusual grouping was the placanent of A. leei witii A.pseudogonyaulax, 

which had very high support, (bv 100; ppv 100). A pseudogonyaulaxismorpholo^caOy 

similar to the neighboring taxa, A. margeleftU and itis placement is not unejcpected. But 

A. leei differs firom these two morpho^ecies in many ways, mcludmg the attachment of 

the r, the shape of the S.p., the size and placement of a ventral pore, the overall shape of 

the cell, and the projection of the S.a. plate into the epitheca (Balech, 1995), and there is 

no apparent morphological similarity underlying the groiq)ing of A. leei and A. 

pseudogonyaulax.   However, this study only included a single isolate of each^. leei and 

A. pseudogonyaulax, and long branch attraction may have caused these two strains to 

group together. The sequences of additional isolates are needed to elucidate the 

relationships between these species. 

Taxonomic utility of morphological traits. 

Alexandrium is a simply shaped thecate dinoflagellate, which means that morphological 

taxonomy must rely upon general size, shape, chain forming ability, and plate tabulation. 

The morphology of Alexandrium has been extensively studied, and mahy details of 

thecal plate tabulation have been carefully recorded (e.g. Balech, 1995). Unfortunately, it 
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has been (iifficult to determine wMch morphological features are best suited for species 

identification and systematics. Tliephylogaiy reconstructed in thas paper has revealed 

several disparities with morphological systematics, indicating that revision is needed. 

Given the results of the above discussion, characteristics that appear evolutionarily plastic 

include chain forming ability, overall cell size, connection of the 1' plate to the Po, width 

of the sulcal anterior plate, thecal reticulation and the presence or absence of the ventral 

pore. Other characteristiics appear more phylogenetically siable in relation to LSU rDNA, 

and should be given higher taxonomic consideration, including the general shape of the 

S.p. plate, and pattem of perforation. Perhaps further examination of molecular- 

systematics and morphology will yidd revised species descriptions based upon more 

rigorus morphological markers. 

Presence and evolution of toxin-producing ability. ;;.- 

S" 

;er„ 

The prevalence of PSP toxin-producing strains makes Alexandrium noteworthy as a 

genus. Not all ^/exa/zrfnMm are toxic, however. Because of the large public health ^d 

economic impact involved with shellfish industry closures and human illnesses and 

deaths, it is important to distinguish between Alexandrium hlooms that may cause PSP 

and those tiiat will not To date, it has not been possible to do this with rribrphologic&l ^ 

analyses; as strains belonging to the A tomarense, ^. asren^Wfz, ^; mmMfwrnai^ ^^^ ^1 
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lusitanicum morphospecies can be either toxin-produeing or non-toxic (Cembella, 1988; 

Chang et al., 1997; Moestrup and Hansen, 1988; Ogata et al., 1987). 

Scholin et al. (1994) found that within the tomaren^ complex, eadi clade was composed 

entirely of strains capable of producing toxins or strains that never produced any toxin. 

This has lead to the development of a molecular probe for a toxic clade of ^. 

fundyense/tamarense found on the east coast of North America (Anderson et al., 2002; 

Anderson et al., 1999). Our results continue to support the grouping of only toxigenic or 

non-toxigenic isolates in each clade within the tomarews/s complex, but this pattern is not 

found for the rest of the genus. For example, the spQci&sA.minutumzDAA. lusitanicum 

contain both toxic and non-toxic stoins that are di^ersed throughout the clade with no 

apparent pattern. Other toxin-producing and non-toxic S^JOODS of Alexandrium Mso are    ^ 

dispersed throughout the tree, making it apparent that the ability to produce saxitoxins 

has been acquired and/or lost multiple times. 

The frequency of the transition in toxin-producing state implies a simple mechanism to 

either turn off toxin production or to regain the ability. The exact nature of the 

mechanisms for the production of saxitoxin and its congenersare unknown. It has been 

hypothesized that the ability to produce the toxins lies m symbiotic bacteria (Kodama et 

al., 1988; Silya, 1979; Vasquez et al., 2001), and researchers have shown that some 

bacteria associated with Alexandrium arc capable of producing saxitoxkis (Gallacher et 

al., 1997; Vasquez et al., 2001). However, other research shows that toxin production 

^ ft*? 

=3^ 
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abiKty remains when all symbiotic bacteria have been removed (Hold et al., 2001). 

Additionally, Mendelian iiiheritance patterns that have been observed for specific toxin 

congeners (Ishida et al., 1993; Sako et al, 1992) indicate that at least some of the genes 

responsible for Ms toxin production are located in the Alexandrium nucleus. 

The ability to produce saxitoxins has also been acquired by other organisms not closely 

related to^/a:a«<^am. These include the dinoflagellates Gymnodiniurn catenatum 

(Oshima et al., 1993; Sako et al., 2001) 3ndi>-(>^f/mam bahamense van compressum 

(Usup et al., 1994) and the cyanobacteria Aphanizomenonflos-aquae (Pereira et al, 

2000) aadPlanktothrix sp. (P(Hnati et al., 2000), and by bacteria ^odama ef al, 19S8; 

Levasseuretal., 1996). Could the acquisition of the toxmpr<)ducing ability by such 

disparate organisms be related to the apparent ease with which tins trait has been acqmred 

and lost within ^/exa/icHuTn? 

CONCLUSION 

The results of this paper provide a robust phylogeny for .4/€xa«rfn«m, <hvi(^g the gen^ 

into two clades, a ansi p. Itmdicates that morphologic^ taxonomy in this genus needs to 

be reworked, and that the evoktion of tdxicity m ^/exaw^nwrn is more complex^l^ 

previously known. Further studies are planiied to investigate these issues within the 

tamarensis and the mimtum complexes: Isolates of the Alexandrium species not 

represented in this work and additional strains of species represented by a single 
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sequence should be acquired. Perhaps the addition of new sequences from these strains 

will help to clarify the relationships between morphology, toxicity and the evolutionary 

history of Alexandrium. 
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Table 1. Culture code, morphospecies, origin, toxicity, GenBank accession number and 

publication reference for sequences used in this study. NP: Data not provided, TBA: 

GenBank accession number has been requested and will be provided before publication, 

N/A: Not available, *: Originally submitted to GenBank as Gonyaulax spinifera, later 

redefined as G. baltica (Ellegaard et al., 2002). 
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Table 2. Log likelihood score (-In L), difference from the best score (Diff-In L), and p 

value for likelihood ratio test for various constraint trees. * indicates p<0.05. See Figure 

3 for specific taxa included in each grouping. 
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Likelihood Ratio Test Results 

Test -InL 
Best Tree 

A Balech morph 
B Morph with "tamutum" 
C Gessnerium 
D fraterculus group 
E minutum group 
F minutum ^ovLprtamutum" 
G Four S. p. plate groups 
H Type A 
I TypeB 
J NOT Type C 
K TypeD 
L minutum/lusitanicum 
M minutum and lusitanicum separate 
N minutum/lusitanicum/"tamutum" 
O minutum/lusitanicum/insuetum 
P NOT ostenfeldii 
Q andersoni ancestral 
R affine alone 
S tom/cot^ni separate 
T tamarensis/qffine/concayum 
U tamarensis/tropicale 
V tamarensisfSAl 
W tamarensis/CV-13/CV-15 
X ATMSOl basal to tropicale 
Y "tamutum " with tamarensis 
Z tamarensisrtamutum''ltropicale 
AA minutum/lus basal to a clade 
BB marge/^ basal to a clade 
CC long branches together 
DD NOT Pdclade 
EE NOTm^weft^wi 
FF AU chain formers 
Table 2. 

Diff-bL 
4332.71 (best) 

4579.76 247.06 0.000* 
467838 345.68 0.000* 
4404.11 71.40 0.002* 
4420.70 87.99 0.001* 
4342.00 9.29 0.726 
4342.34 9.63 0.716 
4394.49 61.78 0.004* 
4391J6 58.65 0.003* 
4334.47 1.77 0.940 
4342.45 9.75 0.447 
4383.41 50.71 0.014* 
4337.05 4.35 0.871 
4378.58 45.87 0.109 
4335.36 2.65 0.918 
4337.76 5.06 0.865 
4335.70 2.99 0.909 
4332.74 0.03 0.959 
4333.39 0.68 0.886 
4531.20 198.49 0.000* 
4334.87 2.16 0.856 
4384.48 51.78 0.020* 
4386.26 53.56 0.016* 
4384.88 52.18 0.018* 
4334.82 2.11 0.838 
4444.09 111J8 0.000* 
4534.43 201.72 0.000* 
4336.92 4.22 0.760 
4333.35 0.65 0.838 
4343.24 10.53 0.640 
4332.74 0.03 0.992 
4339.19 6.49 0.612 
4712.51 379.80 0.000* 
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Figure 1. Maximum likelihood phylogenetic tree, showing the placement of Alexandrium 

strains in relation to several closely related species. Bootstrap values >6d are mdicated 

behind each node. 
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Figure 2A. Maximum likelihood phylogenetic tree, -In L = 4332.71, produced in PAUP 

analysis. 
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Figure 2B:  Cladogram of maximum likelihood phylogeny. Posterior prbbability values 

(italics) and bootstrap values (bold) are printed behind each node if > 60. Morphology of 

the posterior sulcal plate (S.p.) for each isolate is indicated according to Yoshida*s four 

letter system: type A, wider than long; type B, angular with straight sides; type C, longer 

than wide; type D, prolonged towards plate 4'". (M. Yoshida, pers. com., and cited in 

Usup et al. 2000), with diagrams of the four types on the right, redrawn from Balech 

(1995). 
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Figure 3. Cladogram of the most likely tree. Letters to the right indicate grouping used 

in constrained analyses. Constraints are: A: Morphospecies as defined in Balech (1995); 

B: Morphospecies with the addition of new taxdn A. "tamutumf C: Subgenera 

Gessnerium mdAlexandrium; D: A. fraterculus-Vks species (dorso-ventrally flattened 

chain formers); E: Smalls. mmM/Mm-iike species excluding^: "tomMrw/M" strains; F: As 

in E, including A. "tamutum;" G: Four groups defined by posterior sulcal plate 

morphology; H: Only type A constraiined; I: Only type B constrained; J: All type C are 

NOT together, K: Only type D constrained; L: AU^. minutumandA. lusitmicum are a 

single clade; M: A. minutum and .4. lusitdnicum are each separate clades; N: A. minutum, 

A. lusitanicum andi. ''tamutum"^fnAiontAAmuetimvO: A. minutum,A. lusitmicum 

and A. insuetum withoutv4. "tamutum-;' P: All A. ostenfeldii are NOT together; Q: A. 

andersoni is grouped with the outgroup; R: A. concavum is not within the A. affine clade; 

S: A. tamarense, A. catenella and A. Jundyense.are in separate clades; T: The tamarensis 

complex is more closely related to A. affine and^". conccmmihan to A. tropicale and A. 

tamiyavanichii; U: A. tropicale is part of the /amar^ww complex without A. 

tamiyavanichii; V: SAl is part of the tamarensis coinplex; W: The Thai strains are part of 

the tamarensis complex; X: A. tamiyavanichii \s\asa]. to A. tropicale; Y:A. "tamutum" 

is most closely related to tiie tamarensis complex; Z: A. "tamutum " is more closely 

related to the tamarensis complex and^. tropicale than ^. tamiyavanichii; AA: The 

tamarensis complex evolved from within theminutum/lusitanicum group; BB: A. 

margelefiiishasal to Type C; CC: All long branche? group together, DD: S.p. plate types 

A, B and D are NOT a single clade; EE: The twp A. insuetum strains are NOT most 

closely rdated to each other; FF: All chain forming species are morejjlosely related to 

one another than to non-chain forming taxa. Taxa in bold type are known to be toxic. 
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Chapter ni: Global biogeography of &e'Va7Bar€B^if'complex: ^/exwz^^ 

tamarense/catenella/fimdyense. ..  :   ■    > WM: 

ABSTRACT 

Alexandrium cateneIla,A: tamarense mdAfimdyehsetogeibes: compose^etamarensis 

complex, a group of dinoflagellates responsible for producing the toxins tihat cause a 

large number of paralytic shelliBsh poisoning cases worldwide. The idationslups among 

these morphologically defined species of tMs complexare pbOriy understood, as are the 

reasons for the increase in range and bloom occurrence observed over the past several 

decades. Prior research has demonstrated the utility of D1-D2 LSU rDNA sequences in 

uncovering relationships among populations of tamarensis complex dinoflagellates. A 

large database of these sequences has been compiled over the past decade by researchers 

conducting local studies in the United Kingdom and Asia, but there has been no 

comprehensive global analysis. This p^per combines existing sequence data with new 

rDNA sequences from strains originating in each of the six tscaperate continents to 

reconstruct the biogeography of ike tamarensis complex and determine the ori^ns of new 

toxic populations. Natural dispersal mechanisms can account for some of the r«cent 

range increase, but human assisted transportation and coastal urbffliization are also 

responsible. The three morphospecies are examined under the criteria of the 

phylogenetic, biological and morphological species concepts and found not to satisfy the 

requirements of any definition. It is therefore recommended that use of tibiese 

i^WiSi 

73 



morphospecies q)pellations be discontinued as it impties erroneous relationships between 

morphological variants. Instead, five species are identified within the tamarensis 

complex that are supported on the basis of large genetic distances, 100% bootstrap 

values, and mating incompatibility. The names Alexandrium universa, A. mediterra, A. 

tamarensis, A. toxipotens and A. tasmanense are proposed. A third important result is 

^3aat for A. medtierra, A. tamaremis, and A: tasmanenseQweiy 

toxic, while«very Kolate of ^. universa and A. toxipotens HM has been tested has 

proven to be toxic. Genetic probes^hould be able to consistaotly distinguish these five 

species and indicate whetherPSP events may aise. 

INTRODUCTION 

Paralytic shellfish poisoning (PSP) is a serious disorder caused by ingesting shellfish that 

contain high levels of certain neurotoxins. These toxins, saxitoxin and its congeners, are 

produced by phytoplankton and accumulated in tiie tissues of filtdr feeding shellfish 

(Taylor et ai., 1995). While several types of phytoplankton are capiable of producing 

saxitoxins, dinoflagellates of ihegeaMS Alexandrium arc the most numerous and are 

responsible for PSP blooms in both temperate and tropical locations (Taylor etal, 1995). 

At least a third of the ^im)ximately 30 species of Alexandrium are <apable of producing 

saxitoxins, though the majority of toxic blooms have been caused by A. catenella, A. 

tamarense, and A.Jimfyense (Cembella, 1998), which together comprise ihe tamarensis 

species complex (Balech, 1985). 

^''-»"*■" 
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Until 1970, PSP-causmg dmoflagellates in &e tamarensis cowipleK were known only 

from Europe, Nortli-America and Japan (Mdle^eff, 1993). By 2000, tamarertsis 

complex Alemndrium had been documented invocations coveriag tbe noithem and 

southern hemispheres^ adding^^ South America, South Africa, Axistralia, the Pacific 

Islands, India; all of Asia and the Mediterranean <Abadieet«i., 1999; Hallegraeff, 1993; 

Vila et al., 2001a> to tiie range. Concomitant \^qlh this substantial biogeogr^hic 

expansion, the frequency of toxic ^/emnJrfwm blooms has also greatly increased 

(Anderson, 1989;Hallegraeff, 1993). 

Because of the serious humanhealth and economic impacts associated with PSP, this 

increase is alarming and has spurred the scientific community to investigate its origms. 

Four main theories have been proposed for this expansion (Anderson, 1989): 1. The 

mcreaseis actually Ml artifact of increasedmonitoring efforts which have merely 

uncoveredpopulations diat had previously gone undetected, 2. Toxic populations have 

spread within regions throu^ natural means, including current patterns and Ihe 

deposition of a dormant cyst stage following large blooms^ 3. Environmental change, 

mcluding coastal eutrophication and global warming, may have caused toxic populations 

that were a normal minor component of the native flora to bloom to nuisance proportions, 

and 4. New populations havebeen created by human assisted dispersal, &ou^ 

mechanismsTsuch as ballast water transport or the importation of shellfish seed stock. 
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With respect to Alexandrium species in the tamarensis complex, the recognition of' 

previously undetected populations cannot be discounted, because global awareness of 

harmful algd blooms has risen and monitoring efforts have expanded with increased use • 

of coastal waters for commracial fishing and aquaculture (Anderson, 1989; HaDegraefif, 

1993). However, new populations ^fA. lamarense mdA catenella have also been 

detected in areas such as Thau Lagoon and Barcelona harbor where established 

monitoring programs can demonstrate a lack of these species prior to theirxecent 

appearance (Abadie et al., 1999; Vila et al., 20Qla). 

Examples can be found in the literature to support each of the remaining three 

hypotheses. For example, while the source of ^/exanrfrfwrn populations in Argentina is 

unknown, the spread of these organisms northwards through Uruguay and Brazil is 

thought to be connected to the Malvinas current (Gayoso, 2001; Persich et al., 2003). 

Human assisted dispersal is almost certainly the cause of A. catenella populations in the 

Mediterranean (liUy et al., 2002) and human alteration of the environment to create 

enclosed harbors and protected beaches maybe allowing^, catenella to thrive and spread 

in its new habitat alraig the French and Spanish coastlines in the Mediterranean (Vila et .: 

al.,2001b). 

Information like this is available for very few tamarensis populations,-and much of the 

evidence K circumstantial (Gayoso, 2001; Persich et al., 2003; Vila et al., 2001b). Yet if 

we are to prevent further spread of ta/ware/ww complex cells, we must understand the I 

jr^^ 
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causes for their corrent dBtribution. IMs xmdertjddng reqaires inves^aticHi into two 

avenues: taxonomy and DNAseqnenckg. Fiist, proper taxonomy is essential for 

tracldng the origin of any organism; AUpot^ti^y related popuktions (i.e^ 

populations of the same ^>ecies) should be mcludedinlhe search, while-populations 

representing different q)eciescah be immeifiately excluded. 

Unfortunately, taxonomy of the ffl77ttw-e7Z5w complex is coiitentious, with s^ 

researchers feeling that the three morphologicaHy defined species,^. cateneUa,A. 

tamarense2Ba&A.Jundyense are true biological species (Mayr, 1982)while others contend 

that the morphological variations are not indicative of shared genetic Jherita^ and instead 

are variations within a single species (Anderson et al., 1994; SchoHn et^.^ 1995). The 

three species are highly similar in overdl appearance and are distinguished mainly by 

chain forming ability and tiie presence or absenceof a veatral pore between plates 1' and 

4' (Balech, 1995). A. tamarense strains can be eitha-toxic or noEi-^oxin producing, and 

are currently found in most areas of the globe. A. catenella can also be found throughout 

the range of the tamarensis caax^Xex., but unlike A. tamarense, all known strains of this 

morphospecies are toxic. A.Jundyense is also always toxic, but its distribution is more 

hmited, occurring mainly on the east coast of North America, ihovtg\iA.fiindyense cells 

have been observed in other locations (Taylor, 1984) 

Because the morphological differences are slight and multiple morphospecies can co- 

occur (Anderson et al., 1994; Taylor, 1984), researchers have searched for evidence 
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confiimmg or conflicting with the morphospecies i^dentifications using other criteria. The 

results of these studies were initially confusing due to variation from one geographic 

location to another. Isozyme analysis, antibody studies and RFLP of ITS and 5.8S rDNA 

sequences seem to support a distinction between^, catmella and>4. tamarense in Japan 

(Adachi et al., 1994; Sako et al., 1993; Sako et al., 1990). Studies of tiie same 

morphospecies, A. catenella and A. tamarense on the western coast of North America 

yielded contradictory results, finding no clear differences between the two species using 

protein electrophoresis and even uncovering morphological intermediates between the 

two species (Cembella and Taylor, 1986; Taylor, 1984). On the east coast of North 

America, protein electrophoresis and toxin analysis also showed no clear differences 

between isolates of A. tamarense and A. Jundyense (Anderson et al., 1994; Hayhome et 

al., 1989). Additionally, sejcual reproduction was observed between clonal isolates of A. 

tamarense and A.Jurufyense which yielded viable progeny capable of sexually producing 

an F2 generation (Anderson et al., 1994). 

Each of these studies <Mily includes isolates from a limited geographic region. In fee mid^ 

1990s,: Scholm et al. published a series of studies comparing DNA sequences from small 

subunit (SSU) and large subunit (LSU) ribosomal genes for A. cetenalla, A. tamarense 

and A. Jundyense strains from locations in eastern and western North America, western 

Europe, Japan and Australia along with several ballast water samples <SchoUn and 

Anderso^ 1994,1996; Scholin et al., 1995; Scholin et al., 1994). Overall, these studies 

indicate that morphology is not a good indicator of evolutionary relationship within the 
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tamarensis complex. Interestingly, they also ofifered an explanation forthe conflicting 

studies supporting genetic differences between ^4. catendla SDAA. tamarehse from Japan. 

Scholin et aL (1994) found five main phylogeneticclades, which they named after the 

origin of the majority of strains in each clade: North American, Western European, 

Temperate Asian, Tasmanian and Tropical Asian. The fifth clade. Tropical Asian, 

consisted of a single sequence from isolate CU-13, which is now considered a member of 

a different species, A. tropicale ^alech, 1995; LiUy et al., 2003). The Tasmanian clade 

also contained a single isolate. The North American clade contained examples of all 

three moiphospecies,^. catenella, A. tamarense, and A. fiindyense, showing clearly why 

preceding morphological and biochemical work in this area had not been able to 

differentiate between these strains. In addition to strains from North America^ this clade 

also contained two A tomaren^e strains that had been exa3sained from Japan. The 

lemaming strains from Japan were all A^ catenella, and tiieir sequences fell into a 

separate phylogenetic group, the TCTiperate Asian. Thus, when researchers compared A 

tamarense strains from the North American gcovcp and A. catenella strains from flie |^ 

Temperate Asian group, they were documenting evohitioriary differences between these 

two populations. It is only upon examination of the larger set of isolates that the overlap 

between A cateM€/Za and .i4.famare7we become apparent. 

As yet, no cSisensus has been reached regarding the delineation of speaes within the 

tamarensis complex, but the work of Scholin et al. (1994) has highlighted the utility of 5^5 
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DNA sequences for biogeographic purposes as well. For example, nearly identical 

sequences were obtained for the D1-D2 (Kvergent domains of LSU rDNA for strains of^. 

catenella from Japan, Australia, and the ballast water of a ship operated exclusively 

between Japan and the same port in Ai^tralia from which the Australian cultures were 

isolated (SchoHnet al., 1994). While PSP has been recorded in Japan since the 1940s 

(Scholin et al., 1995), the first recorded incident of PSP caused hy A. catenella in 

Australia occurred in 1986 (Hallegraeff et al., 1988). Thus, the.DNA sequences show 

that it is possible that A. catenella ceJis from Japan were introduced viaballast waterto 

Australia (Scholin et al., 1995).    : 

The demonstrated utiUty of DNA sequences to aid in determining the origin of toxic 

populationsihas spurred researchers around the wcHTld to investigate their local 

populations of Alexaiidrium using ribosomal DNA sequences (e.g. (Adachi et al, 1996b; 

Chen et al., 1999; Guillou et al., 2002; Hingman et al., 2001; Kim et al., 2003; Kim and 

Kim, 2002; Yeung et al., 1996; Yeung et al., 2002). One of the goals of this paper is to 

incorporate the existing data from various sources into a global biogeographic picture for 

the tamarensis complex. A truly global biogeographic picture will require more data tiian 

is currently available. There is currently no sequaoice data for strains from South 

America, South Africa, the Russian coastline or the Mediterranean. This paper presents 

data for sfrains from these undescribed areas and increases the geographic coverage of 

strains from Europe and Asia. These data are compiled with Ihe existing data into a 
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comprehensive view of the relationships among established and new populations and 

reconstraet dispersal mechanisms in the toTTttzren^is complex. 

METHODS 

Published DNA sequences. 126 D1-D2 LSU DNA sequences were available in 

GenBank for A. catenella, A. tamarense, and ^4. fundyense iBrom multiple studies (Band- 

Schmidt et al., 2003; Godheet al., 2001; Guillou etal., 2002; Hansen et al., 2000; 

Haywood and MacKenzie, 1997; Hingman et al., 2001; Kim et al., 2003; Kim and Kim, 

2002; Lilly et aL, 2002; Scholia et al., 1994; Usup et al., 2002; Yeung et al., 2002). 

Another 21 sequences were available from the literature (Scholin et al.,. 1994). Because 

this was a biogeographic study, sequences for which no geographic origin was given 

were removed. Numerous sequences (65) represented multiple PCR products from single 

isolates. These were reduced by removal of sequences that represented a pre^n[ously 

known pseudogene (Guillou et al., 2002), recognized by a 87 base pair deletion. 

Remaining sequences for each isolate were alignedusing Clustal X (Gibson et al., 1994) 

and checked in MacClade 4.05OSX (Maddison and Maddison, 2000). Where sequences 

differed by single base changes they were condensed to a single sequence using base 

ambiguities. There remained a disproportionate number of isolates from the United 

Kingdom (24) and South Korea (68), which resulted from three regional studies 

(Hingman etal., 2001; Kim et al., 2003; Kim and Kim, 2002). All United Kingdom 

sequences were aligned and a distance matrix was calculated using PAUP 4.0bl0 iM 

f0t^ 
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(Swofford, 2002). The same was done for all Korean sequences. In cases where strains 

with identical sequences (a distance value of 0.00) came from the same geogr^hic 

location or locations in very near proximity, one sequence was arbitrarily chosen and the 

remainder were removed to reduce the total number of taxa without loosing variation in 

the data set. Additional sequences were pulled from GenBank for^. affine mdA. 

tamayavanichii, two closely related species (Lilly et al, 2003) to serve as outgroup 

sequences.  Table 1 lists the strains used in this study with Iheir moiphospecies 

identification, locality of origin, GenBank accession number, and original citation. 

CM/fwras. The collection of existing sequences did not represent the entirety of 

the geographic range covered by ihe tamarensis complex. For this reason, 38 clonal 

cultures of ^. catenella, A. tamarense and A. Jundyense were obtained from three 

countries in South America (Chile, Uruguay and Brazil), South Africa, the Russian 

coasthne from Primorye to the Bering Sea, the Mediterranean Sea, and various areas 

throughout Europe, Asia and the Pacific Islands. Three cultures of ^. fropfcafe, a closely 

related species often mistaken for A. tamarense, and two of A. affine were also obtained. 

All cultures were maintained as described by Anderson et al. (Anderson et al., 1984). 

Cultures were incubated at either 15,20 or 26X, depending iq)on which temperature 

most closely approximated the natural environment for each strain. 

DNA extraction. Because the multiple membranes and thecae of dinoflagellates 

can be difficult to rupture, we used a modified DNA extraction protocol. Cultures were ^ 
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harvested in mid-exponential pfiase and subjected to osmotic shock with the addition of 

deionized water at 4 times the culture volume to induce ecdysis. The cells were 

centrifiiged and the pellet resuspended in 100 fil of the lysis bujBfer provided in the 

Qiagen (Valencia, CA) DNeasy kit. Samples were boiled for 25 minutes, ftozen to 

-20*C and thawed on ice. Whole cell lysis producfe were used <iirectly or the DNeasy 

protocol was then followed as recommended by the manufacturer. 

PCR amplification ofDl-D2 LSUrDNA. Approximately 700 bp of divergent 

domains 1 and 2 (D1-D2) of the large subunit ribosomal DNA (LSU rDNA) were 

amplified from purified DNA or whole cell lysis products using the polymerase chain 

reaction vdth the DIR and D2C primers and 1-5 ng template, as previously described 

(Scholin and Anderson, 1994). Products were purified in Qiagen MinElute PCR 

purification colunms and stored in autoclaved distilled deionized water (dDIW) at-20°€. 

The concentration of purified products was determined relative to a DNA mass marker 

ladder (Low DNA Mass Ladder, Life Technologies, Garisbad, CA). 

DNA sequencing. UNA sequencing was conducted with BigDye version 3.0 fi-om 

Applied Biosystems, inc. (ABI; Foster City, CA). We used 6 vil vohimes, with 20 ng 

template, 1.5 JAM primer and 1 ^1 BigDye. Reactions weire run for 30 cycles of 96°C for 

30 sec; SO^'C for 15 sec; 60*C for 4 min, with a final hold at 4°C. Reactions were 

purified via isopropanol precipitation, then dried and stored at -20°C. Reactions were 
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later iesuq)eiided in HiDi Fonnamide and run on an ABI3700. Templates were 

sequenced in duplicate in bofli directions. 

DNA sequence analysis. Sequences were examined using the ABI Sequencing 

Analysis and AutoAssembkr software and checked for accuracy of base-calling. 

Sequences were assembled in ABI AutoAssember and checked again. Sequences were 

aligned with published sequences and those of outgroup taxa using Clustal X (Gibson et 

al., 1994) and checked in MacClade 4.05OSX (Maddison and Maddison, 2000). 

The Modeltest program (Posada and Grandall, 1998) was used to determine the most 

appropriate substitution model and associated parameters. PAUP version 4.0bl0 

(Swofford, 2002) was used for phylogenetic analyses. A neighbor-joining analysis was 

used to generate starting trees for maximum likelihood analyses using model parameters 

generated in Moddtest. One hundred bootstrap replicates were run. In addition to the 

bootstrap analyses, a Shimodaira-Hasegawa likelihood-ratio test (Shimodaira and 

Hasegawa, 1999) was preformed to test the hypotheses that 1. the three tamarensis 

morphospedes, A. catnella, A. tamarense wAA.fimdyense each evolved independently 

forming separate lineages and thus should form monophyletic groups; and 2. groiq>s I and 

IV (see Fig. 3), the toxic clades, are most closely related to one another. Nested 

maximum likelihood analyses were run using PAUP as described above. The 

Shimodaira-Hasegawa tests using RELL bootstrap (one-tailed test) were carried out using 

PAUP. 
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RESULTS 

The final data set included 110 strains. To root the analyses outgroup taxa were chosen 

based on previous analyses (Chapter II). Five sequences of A. affine strains, four of ^. 

tamiyavanichii, and four of ^. tropicalevf&cQ included The remaining 97 sequences 

were tamarensis complex, consisting of 6 A. fimdyense, 27 A. catenella, and 64 A: 

tamarense sequences. Of 685 charactars, 12 were excluded due to ambiguous alignment, 

258 were parsimony informative, 46 were variable but parsimony uninformative and 369 

were constant. 

Model testing. ModelTest estimated nucleotide frequencies as A=0.2737, 

C=0.1639, G=0.2509, and T=0.3115. The best fit to the data was obtained with six 

substitution types and rates, (AC: 1, AG:, AT: .70891, CO: 0.5659, CT: 0.5659, GT: 

2.5368), with no among-site rate variation and 46.19% of sites assumed to be invariable. 

These settings correspond to the TIM+I model (Rodriguez et aL, 1990). 

Tree topology. Two most likely trees were found, of score --hi 27515.4879 (Fig. 3 

and 4). Differences between the two trees were minor, consisting only of the placement 

of a single strain, DPC95b. In the tree not shown, DPC95b branched twonodes more 

basally to its location in the tree shown. The four ^. tropicale sequences, two of which 

(CU-13 and CU-15) had been previously identified as Tropical AsiioiA. tamarense 
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(Scholin et al. 1994), formed a monophyletic cluster closely related to the four^. 

tamfyavanichii sequences as had been previously found (Chapter U). The A. tropicale, A. 

tamiyavanichii and A. affine taxa were used to root tiie tamarensis complex. 

The tamarensis complex formed a monophyletic clade subdivided into five groups, 

numberedI, H, m, IV and V on Figures 3 and 4. All five groups were well supported, 

with bootstrap values of 100%. Genetic distances between the five groups were high, 

ranging firom 6% to 11%, while distances witWn each group were low, ranging from 

complete identity to 2% divergence.  Subdivisions within the five groups were generally 

poorly supported, with two exceptions. First, the sequences Alex61-2 ahd UW4-1 are 

placed together on a long branch with 100 percent bootstrap support. Hingman et al. 

(2001) interpreted these two sequences to represent pseudogenes because they obtained 

another, more typical, sequence from these same two clones. TTie second exception is the 

clustering of strains WKS-8, ACPPOl, G. Hope 1 and TN9 within group IV.(bootstrap 

support = 95). The reason for this grouping is unclear. ITie strains come from three 

different geographic Icjcations, Japan, South Korea and Australia. The one unifying   - 

factor is that all were sequenced using the same method by Scholin et al. (1994). 

However, strain eFlOl was also sequenced at that time and does not group with the other 

four. 

Group I contains the sequences from Scholin et al.'s (1994) North ^Gmerican clade as • 

well as sequences from South America^ the Faroe Islands, Scotland, South Afiica, and 
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northern Asia (Russia, Japan and Korea). In fact, the only major geographic areas not 

represented in this group were southern Asia, Australia and the Mediterranean. Group n 

consisted of foui: identical sequences from the Italian^, tamarense strains, and was 

entu-ely new, having not been reported in the pubhshed literature. Group m was 

equivalent to Scholin et al.'s (1994) Western European clade. The majority of the strains 

in this clade were European in origin, though one isolate originated as far east as the 

Baltic Sea (ATSWOl-1). A single strain in this clade was not isolated from Europe; 

WKS-1 was isolated from Tanabe Bay in Japan. Group IV contained all of the strains 

from the Temperate Asian group of Scholin et al. (1994). Many of the strains in group 

rv did originate in temperate Asia, coming from southern Russia, Japan, Korea, China 

and Hong Kong, but there were also rq)resentatives from Australia, New Zealand and the 

Mediterranean Sea. Group V was identical to the Tasmanian group of Scholin et al 

(1994), and contained only the single Tasmanian sequence published in their paper. 

Toxicity. Previously, it had been reported that each major clade within the 

tamarensis complex consisted either entirely of toxic strains or entirely of non-toxic 

strains (Scholin etal., 1995; Scholin etal., 1994). While toxicity data is not available for 

all strains used in this study, the toxic vs. non toxic paradigm does seem to be holding. 

All strains tested for toxicity in groups I and IV were toxic, while tested strains in groups 

n, m, and V were not toxic (Fig. 5). Toxic and non-toxic strains from close geographic 

proximity actually fell out in separate groups. For example, the toxic sfrains UW4 and 

Alex61 from Scotland were placed within group I, while the ncm-toxic.strains from Coik 
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Haibor, Ireland and Weymouth and Plymouth, Bigland were placed within group m. In 

Japan, non^toxic strain WKS-1 from Tanabe^Bay also fell into group m, while the toxic 

strains TN9 and WKS-8 were placed in group rv (Fig. 5). 

It is noteworthy that the two toxic groups, I and IV are not most closely related to one 

another. A maximum likelihood search constrained to place groups I and IV most closely 

related to one another resulted in significantly less likely trees (-In 2806.2277, p = 0.002). 

This implies tibiat the ability to produce toxins has either been acquired twice or lost three 

separate times in the evolution of the tamarensis complex. 

Morphospecies relationships. The three moiphospecies, .4. catenella,A 

tamarense and A. fimdyense do not form monophyletic groups (Fig. 3). All three 

morphospecies can be found in group I, although A. tamarense predominates. The three 

morphospecies can also be found in group IV, although there is only a single example of 

A. fimdyense (LAG 35) and A. catenella is the most common morphotype. Groups n, HI 

and V consist entirely of ^. tamarense strains. A maximum likelihood search xjoastrained 

to group each morphospecies as a nionophyletic grouping returned 4 trees all 

significantly longer than the most likely tree (-In = 3239.8004, p < 0.000). It is 

interesting to note that the three groiq>s composed entirely of ^. tamarense strains are 

also the tiiree groups composed of non-toxic strains. A catenella and A. fiindyense 

always fdH into one of the two groups contaming toxic strains, as no'non-toxic isolates 

are known for these two morphospecies. 
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DISCUSSION 

Five distinct phylogenetic lineages have been fotmd within the tamarensis complex, and 

these do not correlate with the three morphospecies A. catenella, A. tamarense snAA. 

fimdyense. Below, the validity of the moiphospedes is explored and rejected, and an 

altanate taxonomic stracture is presented for the tamarensis complex based upon the five 

lineages.  An extremely interesting andpotentially useful feature of these new groups is 

that each appears to contain eifeer all non-toxic or Ml toxic strains. The distribution of 

these five groups across the six temperate continents indicates a biogeographic history 

influenced by both natural and human caused mechanisms. 

Morphospecies. As has bean found in previous studies (Scholin et al., 1995; SchoUn et 

al., 1994), A. catenella, A. tamarense sad A. fimdyense did not form seperate clusters in 

our analyses. While only A. tamarense was present in groups 11, IE and V, the 

morphospecies intertningled in both groups I and IV (Fig. 3). The lack of ^. catenella 

and A. fimdyense moiphotypes in groups II and V may be a samphng artifact due to the 

low number of samples, but this is less likely in groujp m where there were 18 strains 

included. The jAylogenetic species concept requires all species to be reciprocally 

monophyletic (HiUis et al., 1996). This is the case for ^. tamiyavanichii, A. tropicalemd 

A. affine, but not for tiie morphospecies witihin the tamarensis complex. - 

W 

89 



However, the phylogenetic species concept is not the only mechanism for delineating 

species. The biological species concept, first proposed by Mayr in 1942, considers a 

spedestobeasexuallyreproductivecommiimtyofpopidations(Mayr, 1942,1982). 

This specie concept has been ^^Ked successfiiUy to metazoa, but can be more difficult 

in unicellular organisms where sexual r^roduction is often absent or secondary to 

asexualreproductionovermuch of the organisms lifec^cle. Many ^/ex^an^nwrn species 

are capable of sexual reproduction, thou^ and it is possible to induce sexuality in a 

laboratory setting (Anderson et al., 1984). Intensive mating trials anwDng all three 

morphospecies of the tamarensis complex have not been carried out, but one study has 

shown mating between A. tamarense and A. fimdyense in eastern North America 

(Anderson et al, 1994). These crosses produced similar numbers of cysts as crosses 

made within morphospecies, and tite resulting cysts gave rise to viable progeny which 

were themselves capable of reproducing, indicating successful reproduction between at 

least two strains of these morphospecies. 

The third, and oldest, species concept is tiie morphological species concept. Species are 

defined by constant, discrete characteristics. A. catenella,A. tamarense and A. Jundyense 

were defined according to this species concept, and the distinguishing features, chain- 

forming ability and the ventral pore, were thou^t to be stable (Balech, 1995). Howevfcr, 

evidence firom field and laboratory cultures indicates that this may not be the case. 

Moiphological intermediates have been observed in field samples fi-om both North 

America (Cembella and Taylor, 1986; Taylor, 1984) and Asia (Kim et al, 2002; Orlova 
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et al., 2002) which include chain-fonning dinoflagellates wife a ventral pare and cells 

witii a small, vestigial pore much as has been observed ID the progeny of A. tamarense 

aadA.Jundyense matings (Anderson et al., 1994). Variation has also been observed in 

clonal cultures from geographic locations worldwide, where cells can be found both with 

and without a ventral pore (personal obs., S. Morton pers. comm., and Orlova et al., 

2002), and^. catenella strains commonly loose the chain forming habit when kept in 

culture. Thus A. catenella, A. tamarense and A. fiindyense also fail to meet the 

requirements of the morphological species concept. 

Clearly, A. catenella, A. tamarense and A. Jundyense do no meet any of the recognized 

definitions of separate species. Much of the information presented above has been 

published in the scientific literature for nearly two decades, yet the species names A. 

catenella, A. tamarense and A. Jundyense are still in use.  Part of the hesitancy to drop 

these names stems from studies demonstrating real genetic differences between group I 

A. tamarense and group IV A. catenella (Adachi et al., 1994; Sako et al., 1993; Sako et 

al., 1990). The genetic distances between these clades are equally as great, if not greater, 

that those between other Alexandrium species (Fig. 3 and Lilly et al., 2003). It K not 

surprising that some researchers try to recognize these differences with the appellation of 

species names, A. tamarense to group I and A. catenella to group IV, yet this should not 

be done. It obscures the fact that both morphotypes are present, zlong-mOx A. jundyense, 

in both groups. A strain appearing physically to be A. catenella, such ^ ACCOl and 

■■'^i^i/i 
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ACC07 from Chile, can be unrelated to the A. catenella of g^aap TV, and false 

comparisons may be made on the basis of fliis moiphospecies desi^iation. 

A second reason why the morphospecies names are still in use within the tamarensis 

complex is because these morphological variations do appear to be cpirelated to some 

extent with a very important Alexandrium trait: toxicity. Strains lacking a ventral pore, 

that is with the morphology of either^. catenellaotAfimdyensesippear to always be 

toxic, while strains of ^. tamarense can be either toxic or non-toxic (Anderson et al., 

1994; Taylor, 1993). Monitoring programs designed to reduce the incidence of PSP can 

be assured of the presence of a toxic Organism if the A. catenella or A. fiindyense 

moiphotypes are present, and must only resort to testing for toxicity if the ^. tamarense 

morphotype is found. 

In theory this distinction could be usefid, but in practice this is unlikely. In the main 

habitats where morphospecies coexist. North America, Asia and South America, non- 

toxic strains are unknown (with the exception of a single strain from Japan, WKS-1). 

Thus A tamarense in these habitats is as likely to be toxic as A. fiindyense or A. 

catenella. InEurope, where toxic grouplstrains coexist with non-toxic groupH aiwim 

strains, the A.fimdyense moiphotype is unknown, and A. catenella appears to only be 

present in flie recently introduced group IV strains from the Mediterranean. 

W^ 

Bm 
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A much more usefid distinction is that between the toxic groiq)s I and IV and thenon- 

toxic groups n, in and V. The ability to produce toxins is highly correlated with 

phylogeny within the tamarensis complex, and thus far no strain has been found to be 

toxic in a non-toxic clade or vise versa. Unjfortunately, there is no known morphological 

distinction that is common to all of the members of eitibter groups I or IV that is not 

present in groTq)s n, HI or V. Molecular mechanisms such as antibody and 

oligonucleotide probes (Adachi etal., 1993; Anderson et al., 2002) are cuixently the most 

effective way to deteimine the genetic affinity, and thus infer toxicity,. in a field sample. 

Cryptic species. 

In the above discussion, we have shown that the moiphospecies^. catenella, 

A. tamarense and A. fimdyense do not conform to any^>ecies definition and that the 

retention of these names poses no practical benefit. However, we do not propose that tbe 

entire tomarew^w complex be considered a single species. 

Phylogenetically, the five monophyletic well-supported groups appear as valid species; 

The genetic distances among these five groups (6-11%) are comparable to the distances 

between A. tamiyavanichii and A. tropicale (6%) and^. tropicale and A. qffine (13%). 

Multiple rDNA haplotypes often occur within a single species, but the genetic distance 

among such haplotypes tends to be small and intermediates are common; - This is exactly t^i? 

the pattem that is seen within each of the five groups, where genetic distances range firom 

1-2%. The high distances between the five groups and lack of intermediates are 
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indicative of reproductively isolated species. Again^ extensive mating trials have not. 

been carried out among tbe five groups, but preliminary data indicates sexual 

incompatibility. Attempts to mate group I andgroup m strains have produced a small 

number of cysts, but the germling cells do not appear capable of division and die shortly 

after germination (D. Kulis, personal communication). Mating attempts made between 

group I and IV strains also produced very fewcysts when compared to crosses within 

either group! orlV (Sako et al., 1990). Thus, while groups I-V cannot be described as 

separate species based on morphology, species level recognition for tiese groups is 

indicated by phylogenetic and biological incompatibility. We realize that describing new 

cryptic species within Ihe tamarensis complex may be controversial and that some 

difficulty will arise from nomenclature changes. However, accurately identifying 

biologically and ecologically meaningful species will allow better understanding of 

Alexandrium physiology, ecology, and dispersal and may allow for better management 

strategies to be developed. 

Restructuring the taxon(Mnic nomenclature of any groiq) requires research into the 

historical precedence and relevance of existing names. The first recOTd of any strain 

within the tamarensis complex is the description of Gonyaulax tamarensis by Marie 

Lebour {1925), which later became A. tamarense when the group was moved into the 

Alexandrium genus, hiterestingly, there is no mention of a venti^ pore in her original 

description, which makes it identical to Afimdyenseas described by Balech (1985). G. 

catenella (=A. catenella) was described by Whedon and Kofoid (1936) along with G. 
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acatenella{=A.acateriena).  They compare a acatenellam&i'Lehom'sG.tamarensis 

and noteliie drfferenees, but make no such,comi^aiisons between G.catenella and G. 

tamarensis. Instead, they compare the new qjecies only to other chain forming 

Gonyaulax. Yet if the written descriptions and diagrams are compared, the chain forming 

habit is the only differences between G. catenella and G. tamarensis. Based on our 

current knowledge, chain forming abihty does not «arry any phylogenetic significance, 

and its loss in culture signifies a tie to environmental stimuli. 

The precedence of the ^ecific name tamarensis mandates its continued use. Because the 

type strain came from the Tamar estuary in England (Lebour, 1925)^ tins name should be 

reserved for group m which includes sixains from that region. The type localities for A. 

fundyense, from theBay of Fundy, Canada (B^ech, 1985)and for A catenella, fromSan 

Francisco, California, USA (Whedon and Kofoid, 1936), are both regions where only 

group I strains have been documented. The name A. catenella would have precedence. 

However, because its descripticm is identical to G. tamarensis with the exception of 

chain-forming, it may not be relevant. 

We thus recommend that new names be applied to groups I, E, IV and V and that group 

m be known as A. tamarensis: We propose A. universa fox group I, in recognition of tiie 

fact that strains from this group have been found on aU six temperate continents. For ^ 

group n, the name A TO€ifite/Ta will indicate the Mediten^ean origin of this clade. A ^ 

toxipotens descriptively names the toxin-producing clade of group TV, while A. 
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fasmanense will indicate the location where Ihe oidy strain of group V has b^ 

These proposed names for each strain can be found on Figure 4 and Table 1 along with 

indications of the morphospecies designation formerly apphed to that strain. 

Biogeography. The j5ve species afih&tamarensis complex pictured on Figure 4 are 

genetically distinct lineages.  This indicates that the populations are evolutionarily 

separate, though it is difficult to determine when and where the ancestors to the five 

groups may have lived as a single population, and when their evolutionary history 

separated. Given the current distributions (see Fig. 2), itis likely that^. universa, A. 

mediterra and A. tamarensis populated the Tethys and early Atlantic Oceans. A. 

mediterra and A. tamarensis razy have been a single non-toxic population in the T^ys 

and surrounding seas. The most likely tree places A tamarensis as more closely related 

to A. toxipotens and A. tasmanense than to^. mediterra, but the bootstrap for this 

placements quite low (61). It is entirely possible that A tamarensis is hasal to A. 

universa and A mediterra iostead. A. mediterra would have become isblated with the 

closing of the Mediterranean and evolved separated from A tamarensis, which remained 

in Atlantic Europe. 

The single A. tamarensis strain from Japan, WKS-1, is most likely human-introduced, 

especially considering its genetic similarity to a strain from Europe. However, itis also 

possible that &is strain represents an isolated remnant population following vicariance. 

During a period of more temperate seas, the distribution of ^. tamarensis may have 
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included the Artie ocean. When tiie climate cooled, the majority: of tte ^. tamarensis 

population may have been forced southwards into Europei while a portion of the 

population could irave traveled through the Bering Sea into Japan. 

While WKS-1 is more likely to be human introduced, thevl. Mwrver^a representatives in 

the northern Pacific Ocean and the northern Atiantic Odean probably are vicariant 

populations now separated by the Artie Ocean. Whea Only two strains with genetic 

similarity to the North American strains were known fi:om Japan, and given the lack of 

PSP records prior to 1948 (Anraku, 1984), it was originally though that these populations 

were human introduced (Scholin et al., 1994). However, the group one population has 

now been recognized in Korea, Kamchatica and the Bering Sea in addition to the Japan 

and North American coastline (Fig. 2, Fig. 3, and Fig. 4). Hie broad distribution of ^. 

universa strains through the entire north Pacific is likely to indicate Ihat this population is 

native to the region and is spreading by natural means. While Ihe distinction is not 

statistically significant, it is noteworthy that the strain firom the Bering Sea, ATRU-10 

was placedbasaHy to the entire group I clade (Fig. 3 and Fig. 4), perh^s indicating 

ancestry and supporting an early Arctic population. 

The A. universa population firom eastern North America is generally thought to be 

endemic, given the long histray of PSP in this region (Prakash et al., 1971:). When it was 

recognized that the toxic A. tamarense (=4. universa) populations in the Orkney Islands, ^ 

Scotiand were genetically similar to those firom North America (Medlin et al., 1998), it ■ ■ 
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was again thought feat the population was hmnan introduced, while the non^^^ 

tamarense {=A. toTwaren^is) populations were n^ve to the United Kingdom (Hingman et 

al., 2001; Medlin et al., 1998). Yet anecdotal evidence indicates that PSP was present in 

the United Kingdom at least since 1827 (Ayers, 1975). We have also now documented 

toxic A. universa in two other areas of Scotland and from the Ftaoe Islands, which 

indicates a wide^read toxic population. The location of the Faroe Islands halfway 

between Scotland and Iceland provides an intermediate habitat, closing the gap between 

the two diqunct populations and lending support to the alternate tiiebry that the toxic A. 

MTzrver^a populations in Europe are a natural extension of the J. universa populations in : 

eastern North America. 

The peculations of ^. universa in South America and South Africa are separated from the 

northem hemisphere peculations by a strong geographic barrier: temperature. No 

tamarensis complex populations are found in the tropical Americas, and l^oratory tests 

of temperature tolerances indicate that the species in cultures at present cannot survive 

under tropical conditions (Anderson, 1998; Persich et al, 2002). It is thus unlikely that 

the southern Alexandrium populations have migrated from the northern hemisphere 

recently. 

Two possibilities remain for the arrival of ^. universd jpopulations in South America and 

South Africa: human introduction and natural transportation by currants duringa period 

whenthe climate was substantially cooler than it is today, such as during one of the 

98 



aMB>-a«.v^^>a««--n wr.ri.iiii.i  

recent ice ages. Reports of PSP from Chile date back to 1886 (Sengers, 1908) and PSP in 

South Africa has been known since 1948 although Alexandnum was not identified as the 

causative organisms until 1980. Again, Ihe likely scenario is natural transport during the 

recent geologic past to these two areas. However, eastern South America does not have a 

historic record of PSP. Alexandnum tamarense i=A. universa) was first implicated in 

PSP in Argentina and Uruguay in 1980 (Caireto et al., 1985- Davison and Yentsch, 

1985), and in Brazil in 1996 (Odebrecht etal, 1997). Cold northerly currents dominated 

durii^ the spring of the first yeaxA. tamarense (=4. universa) was seen in Brazil. Given 

the fact that A. tamarense {=A. universa) populations in Argentina and Uruguay are often 

associated with frontal zones (Brazeiro et al., 1997; Gayoso, 2001), cells may have been 

transported via natural current systems. The DNA sequences of strains from Chile, 

Uruguay and Brazil are identical and their toxin profiles are similar (Mendezet al., 2001-r 

Persich et al., 2003), indicating a close relationship between the populations and 

supporting the hypothesis that Alexandnum is spreading northwards in eastern South 

America. 

The complete genetic identity between the A. universa populations onthe east coast of 

South America and Chile may indicate that the eastern populations originated in Chile, 

either by human introduction or via natural currents through the Straits Magellan. 

Because so many A. universa straim havesimilar DNA sequences, however, we cannot 

exclude the possibility of a separate introduction event to eastern SouthAmerica from 

another location. If the strains were in factlransported by natural means from Chile, ^ 
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liiere ffiust be an explanaticm for why the population was able to spread eastwards 

recently although it had historically not done so. Environmental change, in the fonn of 

global warming or coastal eutrophication, may hold the answer. 

The Tasmanian strain^ A..tasmanense, is definitely distinct fi-om the A. toxipotens strains, 

but the two groups are more related to one another than to^. universa, A. mediterra ox A. 

tamarensis (Fig. 4). It is likely that A. tasmanense diverged firom A. toxipotens in the 

geologic past, ^d that this group is endemic to Australia (Scholin et al., 1995; Scholin et 

al., 1994). The Tasmanian strain and those firom Port Phillip Bay, Victoria are in close 

geogr^hic proximity, but are descended firom different populations. Scholin et al. 

(1994) consider the Australian strains to be introduced, while the Tasmanian strain is 

native. A native population of non-to^dc A. tasmanense cells would explain the reports of 

Alexandrium like cells in the area prior to the 1980s without reports of PSP toxicity 

(Hallegraeffetal., 1991). The toxic population of ^. cafewe//a (=A tojc^o/ew^) strains 

that caused the toxicity were thought to be human-introduced, given the historic lack of 

toxicity, strong geographic barrier (temperature), the genetic similarity to strains from 

Asia, and feepresence of viable cells of the same genetic make-up in ballast water 

discharged into Port Phillip Bay (Hallegraeff and Bolch, 1991; Scholin et al., 1995; 

Scholin et al., 1994). None of these facts have changed, yet we now also know the 

genetic affinity of A. toxipotens from New Zealand, which shares ideaitical D1-D2 

sequence with strain ACPP09 fromPort PhilHp Bay. This indicatestiiat group IV is more 

widespread in the southern Pacific Ocean than previously thought. This may mean that 
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the populations are in fact endemic, or that^. toxipotens have been transported from 

Australia to New Zealand. 

The remaining A. toxipotens strains were all obtained from Asia with the exception of 

strains from the Mediterranean coast of France. This population is ahnost certainly 

introduced, as we have ahready reported (Lilly et al., 2002). Monitoring programs in this 

region of the Mediterranean have now observed^, catenella {=A. toxipotens) in a variety 

of locations along the French and Spanish coastlines. The protected semi-enclosed 

environments offered by human alteration of harbors and protection of beaches creates a 

perfect environment for this organisms, andv4. toxipotens appears to be thriving in its 

new home (Vila et al., 2001b). 

The distributions of^. toxipotens smiA. universa strains in Asia overlap in Japan and 

Korea, where the genetic and morphological differences between these groups have been 

intensely studied (e.g. Adachi et al., 1996a; Kim et al., 2002; Sako et al., 1993; Yoshida 

et al., 2001). A. universa strains seem capable of tolerating lower temperatures, as their 

distribution continues northwards to the Bering Sea, while A. toxipotens strains may need 

warmer waters, as their distribution continues south through Hong Kong and China. Tlie 

ability of A. toxipotens strains to tolerate more tropical conditions explains why 

tamarensis complex cells cause PSP at much lower latitudes in Asia than in North 

America, where only ^. universa strains are found, and why these sti^s have been able 

to establish populations in the Mediterranean. An inability to thrive in colder waters 
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could also explain why A. toxip&tens had a limited geographic range prior to human 

assistance with dispersal. These strains would have been unable to cross into the Atlantic 

via the Arctic Ocean unless global temperatures were substantially greater than they are 

currentiiy. 

CONCLUSIONS 

The three morphospecies of the tomareTtefe complex do not conform to the phylogenetic, 

biological or morphological species definition, and thus ought not to be considered valid 

species. Instead, a new taxonomic system based on phylogenetic and mating data is 

proposed which includes five tamarensis complex species: A. universa, A. mediterra, A. 

tamarensis, A. toxipotens, andi4. tasmanense. 

The reconstructed phytogeny and biogeography as outlined in this paper indicate that 

both humian-assisted and natural m«ins have been involved in establishing the current 

distribution of the tamarensis complex. This group of organisms is thriving in many 

coastal waters and appears to be aided by coastal euti-ophication and the construction of 

enclosed harbors and beaches. 
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TAXONOMC APPENDIX MSgg^ 

Class Dinophyceae Pascher 1914 

Order Gonyaulacales Taylow 1980 

Family Gonyaulacaceae Lindemann 1928 

Genus-^/exanJn'MTM Halim 1960 

Alexandrium universa Lilly sp. nov. 

Etymology: From the Latin universalis, meaning universal, to indicate the global range 

of this group. 

Alexandrium mediterra Lilly sp. nov. 

Etymology: Named for the Mediterranean Ocean, from where the four known strains 

originate. 

''i0$ii 

Alexandrium toxipotens Lilly sp. nov. 

Etymology: From the Latin toxicum, meaning poison, andpote, meaning capable, to 

indicate tiiat all tested strains of this species are capable of producing paralytic shellfish 

poisons. 
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Alexandrium tasmanense Lilly sp.nov. 

Etymology: Named for the Australian state of Tasmania, from where the only known 

strain originates. 

^/exanrfn«m tomare/z^is (Lebour) Lilly comb. nov. 

Syns: Gonyaulax tamarensis, Alexandrium tamarense 

fe^^ 

104 



r;f8U!.llWlWIII,lfii)!B««».a»K!BPga!Sg--.g«lgi)|i^ 

WM 

105 



isssims^i^BS^^ 

--'4V 

Table 1: DNA sequences used in tiiis study. Strain designation, morphospecies, 

geographic origin, GenBank accession number, culture source and original citation are 

given where available. 
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fis;::rcsssBxmam:.'K^. 

Figure 1: Thecal plate diagrams of the tamarensis complex species. A: A. catenella, 

chain forming with no ventral pore, B: A. tamarense, non-chain forming with a ventral 

pore, C: A. fimdyense, non-chain forming with no ventral pore. Redrawn from Balech 

(1995). - 
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Figure 1. 
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Figure 2: The geographic origins of the strains used in this study. Each circle may 

represent multiple isolates. See Table 1 for a complete listing. Circle colors refer to 

phylogenetic clades as depicted on Figure 3. Black: group 1, Horizontal stripes: groiq) 2, 

Gray: group 3, White: group 4, Vertical stripes: group 4. Stars rq)resent origins of 

outgronpstrainsA q^Tze, A froj7zca/eandA tomrj^m/flmcfei. 
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«.-«M»fe-J^ 

&^1 

score Figure 3. One of two most likely trees returned by maximum likelihood analysis, 

-In 2756.4879. Strains are labeled with their origin^ moiphospwies designation. See 

Table 1 and Figure 2 for the precise geographic origins of the strains. 
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Figure 4. As in Figure 3., with strains labeled according to the proposed new species 

divisions. Morphology of each strain is indicated after geographic location: T = single 

cells, generally with ventral pwe, C = chain forming cells, generally without ventral pore, 

F = single cells, generally without ventral pore. See Table 1 and Figure 2 for tibe precise 

geographic origins of the strains. 
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3^ 

Figures. Comparison between phylogeny and toxicity. Toxic strains are indicated in 

bold type, non-toxic strains in light type. Gray type is used where toxicity is unknown. 
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Chapter IV: Paralytic shdlfish poisoning toxins in France linked to a human-introduced 

strain of Aleximdrium catenella from the Western I^cific: Evidence from DNA and toxin 

analysis. 

Reprinted with permission from the Journal of Plankton Research, 2002:24,443-452. 

ABSTRACT 

In 1998, the toxins responsible for Paralytic Shellfish Poisoning (PSP) were detected in 

Thau Lagoon, France. The causative organism was identified as Alexandrhmt tamarense. 

a member of the "tamarensis" species complex. This dinoflagellate was first observed in 

the lagoon in 1995 by a monitoring program following more than a decade with no 

observations of this species. The species is thus new to those waters, but its origins were 

unknown. In this paper, morphological and molecidar data are analyzed for two clonal 

cultures established from the 1998 bloom. These data are compared to resuhs from 

Alexandrium isolates originating elsewhere in the world to infer an origin. Thecal plate 

morphology. Restriction Fragment Length PolymorjAism (RFLP), DNA sequencing and 

toxin analyses demonstrate that the Thau Lagoon strains are^. catenella, andare closely 

related to populations of A. catenella found in tenqjerate Asia, specifically the J^anese ^ 

Tenq)erate Asian ribotype of the to/wflre7ise/cate7ze/?a^n£5;en^espedescompl^^ They 

show no homology with strains from westem European wata^, including the 

Mediterranean. Until now, the Japanese Temperate Asian ribo^rpe has not been reported '^ 
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outside the western Padfic. The ioMStlikelyscenari 

to Thau Lagoon-via the ballast water of a ship docked at Sete, France, a shipping port in 

direct communication with the lagoon.  This case provides a clear example of the 

dispersal of a toxic Alexandriiim q)ecies, probably via human activities. 

INTRODUCTION 

In recent years, it has been shown that the geographic range of the toxic dinoflagellate 

Alexandrium has been increasing, as have the numbers of Paralytic Shellfish Poisoning 

(PSP) outbreaks caused by the saxitoxins Alexandrium species produce (Hallegcaeff, G. 

1993, Scholin, et al. 1995). This ejqpansion parallels the apparent increase in harmM 

algal blooms (HABs) tibat has occurred worldwide over the last several decades 

(Anderson 1989, Smayda 1990, HaUegraeff, G. 1993). Anderson (1989) listed several 

possible reasons for the apparent HAB expansion, inchidirig: 1) new toxic populations are 

introduced to previously unaffected areas by human activities, such as throu^ transpOTt 

in the ballast water of ships or with shellfidi seed stock; 2) new popidations are 

transported into jMreviously unaffected areas through natural current patterns, with lie 

deposition of dormant qrsts helping cyst-formingspecies to colonize those wafers; 3) 

pollution and coastal eutrophication provide nutrieats that stimuli HAB ^)ecies to 

flourish and emerge firom "hidden flora" status; and 4) increased awaren^s of HAB 

species, better diemical detection mefliods, and expanded monitoring efforts leadingto 

the discovery of toxic populations that have always been present. 
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SevCTd of Ihesemechamsms may be involved mi^^ spread ofAlexandrium species, but 

it is difficult to detenniiK which factors areresponsible in a given circumstence. In order 

to shdwthat a population ofAlexandrium was recentiy introduced to an area by human 

activities, for example, researchers must first iHTove that the population is new to that 

area. This in tima requires a thorough documentation of phytoplankton species 

composition througji time in the area, which often does not exist. This problerii is furflier 

complicated by the need to ©osure fliat individual species ofAlexandrium have been 

correctiy identified in monitoring programs - a difficult task given the morphological 

similarities within Ihe genus (Balech 1985). It must also be determined that the new 

population could not have been introduced by natural current patterns, and this requires 

knowledge of the Alexandrium populations in nearby waters as well as of tiie possible 

hydrodynamic transport pathways. 

^H 
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Here we desoibe a unique situation in which a long-tenn phytoplankton monitoring 

program clearly marked the appearance of a new species, initially called ^/exa/ufnwn 

tamarense, in Thau Lagoon, France (Figure 1). Ihe program, Reseau de Surveillance de 

PhytoplanctonetdesPhycotoxines(REPHY), surveys the French coast at least twice a ]>f^ 

month, ©numerating &e phytoplankton species composition. REPHY has been in V% 

operation for over 15 years, and thus has considerable experience in the identification of 

HAB species, inchiding^/era/ufriHw (Abadie, et al. 1999). Within Thau Lagoon, the 

program has many records ofAlexandrium minutum through the years. In 1995, REPHY 
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first reported ceDs of Alexandrhm tamarense, a species new to the lagoon and to 

soiabem France (Abadie,etal. 1999). Subseqaentfyi in 1998,Uiej5rst outbreak of PSP 

toxicity resulting &QmA. tamarense was reported. Becauseotiier strains of ^. tamarense 

present in Mediterranean and Spanish waters are not toxin producing, human-assisted 

introduction of this strain was suspected (Abadie, et al. 1999). Here we use analysis of 

Ihecal plate patterns, toxin composition and large subtinitribosomalDNA (LSU rDNA) 

sequence to demonstrate that the Thau Lagoon strain is not A tamarense, but is A. 

catenella and was recently introduced, probably firom the westem Pacific. 

METHODS 

Cultures. Wata: samj^es were collected fix)m Thau Lagoon (Figure 1) during the 1998 

bloom and mailed to Woods Hole. Two cultures (designated Alexandriwn tamarense 

ATTLOl and ATTL02) were established firom the bulk water sample via single cell 

isolation. A second series of isolations was used to ensure the cultures were unialgal and 

clonal. Both strains were grown in modified f 2 medium (Guillard and Ryther 1962) 

made with 02 \M filtered Vineyard Sound seawater (salinity 31). The j^2 medium was 

modified by addingNaaSeOsto 10"* M and decreasing the concentration of CUSO45H2O 

to a final concentration of 10"* M. Cultures were grown at 15 "C on a 14:10h lightdark 

cycle (ca. 200 jimol photonsm'^sec'' irradiance provided by cool wkdtt fluorescent 

bulbs). Cultures used for toxin composition, RFLP and DNA sequence comparisons are l9? 

??*'w 
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simflariy maintained as part of the Aaderson kboratory cu^ 

infomiation on these cultnres can be obtained fiom the antik)re^ ^ 

Taxonomy. One ml aliquots were taken from cultures in the early exponential phase of 

growth. Each sample was diluted 1:5 with autoclaved deionized distiHed water to force 

ecdysis. Samples werelhenpreservedwitii 5% formalin. To these samples, 1% Triton X 

(SigmaiChemicalCo.)wasaddedtoafinalconceDtrationof0.1%. Samples were 

centrifiiged and the detergent was removed by aspiration leaving a dry pellet The pellet 

was resuspended in 1 ml 2 {xm filtered seawater. Five jil of Calcofluor White (Sigma 

Oiemical Co.) were added to the sample, and aHowed to stain for 10 minutes. The 

sample was agaiin centrifiiged and aspirated. The final pellet was resuspended in 2()0nl of 

filtered seawater and stored at 4°C until analysis. Thecal plate structure was examined in • 

these samples using a Zeiss Axioscop epifluorescent microscope with a Zeiss G365 

excitation filter and a Zeiss long pass 420 emission filter, finages were captured using £i 

Nikon CoolPix 950 digital camera. 

DNA analysis. 

PCR amplification ofLSUrDNA. Partial LSU rDNAs were amplified from total ceHula: 

DNA (purified with Qiagen DNeasy kit) using the polymeirase chain reaction (PCR; 

(Saiki, et al. 1988)) with the DIR and D2C primers and 1-5 ng template, as previously 

described (Scholin and Anderson 1994). Products were purified in Qiagen columns and 
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Stored in deionized distiUed water at -20''C. The concentr^on of purified products was 

determined relative to a DNA mass marker ladder (Life Tedmolo^, Low DNA Mass 

Ladder) 

Restriction digests. All restriction digests foUowed manufacturer recommendatioBS,. 

using the buffers and bowe serum albumin extract supplied wifli Ihe enzymes iVip I, 

Msel, and 4pa LI (New England Biolabs). Reactions proceeded at 37X for 18-24 hours 

to ensure complete digestion. Products were stored at-20**C- 

camera 

Gel electrophoresis. Products were resolved on a 3% a^ose gel, as previously 

described (Scholin and Anderson 1996). Gels were phot(^aphed using an MP-4 

system and 667 print fihn or the Chanilmager digital picture system. Sizes of products 

were estimated in comparison to mobility size standards (BioMarker Low, Bioyentiires, 

Inc.). 

DNA sequencing. Twenty ng purified PCR products were added to 1.5 pM of either the 

DIR or D2C primer, depending tqwn the desired direction of the read, the manufacturer 

recommended sequencing buflFer, and BigDye florescent sequencing mix (ABI). 

Volumes were brought to 10 jil with deionized distiUed water. Reactions were topped 

with 15 |il mineral oil to prevent evaporation, then run in a 4800 series PeridnEhner 

thermocycler for 30 cycles of 96*C fca: 30 sec; SO^^C for 15 sec; eO'C for 4 min, with a 

final hold at 4*C. Reactions were purified in Sephadex columns (Sigma Chemical Co.) 

L.  .->  ^ 
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then vacmmi dried and stored at -20'*C. Reactions were later resuspended in 2 |il DNA 

loading dye and run in an ABI automatic sequencer on 5% Long Ranger acrylamide gels 

(BioWhittaker Molecular Applications). Sequences were confirmed using internal 

primers designed from tibe original sequence. 

DNA sequence analysis. Electropherograms were examined using ABI Sequencing 

Analysis 3.3 and ABI AutoAssembler 2.1. Sequences were aligned with existing 

Alexandrium sequences using ClustalX 1.64b (Gibson, et al. 1994). Maximum likelihood 

analyses were carried out using PAUP 4.0b4a(Swofiford 2001). 

Toxicity analysis: 

A 15 ml sample of each culture was harvested at mid-expOnential growih phase (10^ to    - 

10^ cells per Kter), and subjected to gentle centrifugation (3000xg). The resultant pellet 

was resuspaided in 0.5 M acetic acid and extracted by sdnification. The extracts were 

stored at -20°C until analysis by HPLC. The method of Oshima et al. (Oshima, et al. 

1989) was used with modifications as described by Anderson et al. (Anderson, et al. 

1994). 

RESULTS 

Taxonomy. ATTLOl and ATTL02 were identified via thecal plate morphology as 

Alexandrium catenella. Alexandrium catenella is easily distinguished firom Alexandrium 

Mi 
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minutum on the basis of size and plate structure, and %:om. A, tcanarense on the basis of 

shq)e, plate structure and chain length (Balech 1995). Most notable in A. catenella is the 

presence of a large concatenation pore in the posterior sucal (S.p.) plate that is linked to 

the ventral right margin (Figure 2, left). Additionally, cells from flie two cultures formed 

chains of iq) to 8 cells, a trait commonly found in A. catenella and rarely observed in A. 

to/Twre/we (Figure 2, right). 

Restriction Fragment Length Polymorphism. The RFLP pattern displayed by ATTLOl 

and ATTL02 after digestion with three restriction enzymes was equivalent to the 

Japanese Temperate Asian ribotype of the tamarense/catenella/fimdyense ^ecies 

complex as defined by Scholin and Anderson (1996). This pattern is similar to the 

Korean Temperate Aaan ribotype, but is quite distinct from the patterns displayed by 

Alexandrium strains from the Mediterranean, western Europe or other areas of the globe. 

Figure 3 shows flie RFLP patterns generated by strain ATTLO1 and ATTL02 m 

comparison with strains from Japan (J^anese Temperate Asian ribotype), the 

Mediterranean (novel ribotype), England (Western European ribotype) and Scotland 

OEastem North American ribotype). 

DNA sequence analysis. The DNA sequences of the D1-D2 domains of ATTLOl and 

ATTL02 LSU rDNA were identical. This sequence was compared to-published 

sequences of the same domains from oiher Alexandrium species and^strains and found to 

be most similar to OFlOl, A. catenella, a member of die J^anese Temperate Asian 
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ribolype (Scholin, et al. 1994). There were only two base pair differences firon the 

OFlOl sequence over the entire region of 709 bp (Figure 4). Further, botihi of these 

differences occur in locaticais whiere polymorphism was seen in the Japanese Temperate 

Asian ribotype. When the ATTLOl sequenceis insertedinfo a phylogenetic tree of 

previously published Alexandrium sequences and recently generated sequences (Lilfy; 

unpublished data), it groups within the Temperate Asian clustra-(Figure 5). 

Toxin anafysis. HPLC toxin analyses indicate Ihit the ATTL strains, like the bloom of 

1998, aretoxic. Toxin content, expressed as fgSTXequivalents/cdi, was higho: in 

ATTLOl, at 44.3 fg STX equivalents/cell, than in ATTL02, at only 5.3 fg STX 

eqmvalents/cell. The amount of toxin contained in the Japanese strain was ffli 

intennediate value, 22.6 fg STX equivalents/cell .while the Scottish strain contained 

substantially more toxin, with 127.4 fg STX equivalents/cell (Figure 6). Neither the 

Mediterranean nor English strains contained any toxins. 

Toxin composition was most similar between the Thau lagocm strains and the J^anese 

strain (Figure 7). While the amounts of each toxin congener varied, the number and type 

of congeners present was the same for these three isolates. The Scottish strain contained 

three congeners not jH-esentin the other strains being comgiared, (dcGTX3, neosaxitoxin 

and saxitoxin), and was lacking GTX 5, which was present in the two Thau lagoon strains 

and the Japanese strain. "" 
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EffSCXJSSION 1 

The recent appearance ofAlexandntan catendla in Thau Liagoon, France and the 

subsequaitdevelopmentofPSPtoHdty from that;^>iede& can now be viewed as the 

results of a recent introdnction event Si^^^rt for iMs claim comes from long-term 

phytoplankton monitOTing data and from analyses ofIsSUrDNA sequebces, RFLP 

patterns, and toxin composition, as rqported here. Taken together, the evidence suggests 

that Thau Lagoon^. catene/Za originated the western Pacific and Was introduced to the' 

Mediterranean by ballast-water transport and discharge. 

Taxonomic analyses ofour two Thau L^oon isolates indicate that ihey can be placed in 

the moipho^cies A catenella. This contradicts the original ^eci^ identification of ^. 

tomarense given by Abadie et al. (1999); During the 1998 bloom, there was an 

observation of thecal plates from a single field specimen that revealed a ventral pme ■ 

between plates 1' and 4', a trait indicative of ^. tamarense. However, chains of 4 to 8 

cells were also observed in field samples and in other cultures derived frc«n ^at bldoih 

material (P.Gentien, personal observation). Eight cell chains are not produced by yl. 

tamarense, but do occur with A: catenella. Given this inf<»t[»tion, we b^eve the 

blooms observed inthe Thau lagoon in 1995 and in 1998 also contained ^4: cdteneHa. 

However, ^. catenella and A. tamarense are both easily distinguish^ from A. mmuturh, 

bemg significantly larger and differing in general shape (Balech 1995). Additionally, 
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REPHY has cosisidsa^lee^penm^vniih Alexandrite species, since^. iamarense and 

A mzm^tozw oanir elsewhere in France ■ and A OTOTuftan had b^ 

Lagoon for many years (Abadie et al., 1999), Thus, it seems unlikely thatA. catenella 

was misidehtified as^. ndrmtum in monitoring samples collected prior to 1995. It is of 

course, possible that A. catenella was present in Thau lagoon for many years, but was 

never noticed due to low cell abundance. Given the obvious difficulty of proving a 

negative, (i.e., that A. catenella was not present prior to 1995), the long-term monitoring 

data can only be considered suggestive of, but not conclusive proof of a species 

introduction. 

RFLP and sequence analysis data both show that our two ATTL strains can be clasafied 

within the tamm-ensis complex as the Temperate Asian ribotype, as defined by Scholin et 

al., (1994) and Schohn and Anderson (1996). The RFLP patterns were identical, and the 

sequences of LSU rDNA differed by only two out of 709 total bases fi-om another 

member of the clade (Figure 3). This ribotype is known to occur in Japan, and to have 

been recently established in Austraha (Scholin, et al. 1995), but has never been reported 

outside the western Pacific. Further, the ATTL strains show no sequence hcHnolOgy to 

strains of ^. tonorewefirom other Atlantic and Mediterranean locations (Figure 4). 

Apparent phylogenetic similarity is suggested in the tree given in Figure 4, in which 

strain ATTLOl clusters within the Temperate Asian ribotype. 

Toxin composition has been shown to be a stable genetic character ofvalue in strain C 
ST 

compansons if cells are grown under similar conditions e.g. (Cembella, et al. 1987, j^ 
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Anderson, et aL 1994). Iliese data have sfa©^ a feir degree of imif<Hmity within regicHis; 

with regioMl populations often resolving too sevacal distinct toxm types (e.g., Anderson 

et aL, 1994). Ihe^obal database of toxin omiposition profiles in not as extensive as that 

for iDNA sequences, but may nevertheless prove useful in steain comparisons. HPLC 

toxin analyses of our ATTL strains, indicate that these strains, like the bloom of 1998, are 

toxic. The^. catenella strain from temperate Asia that was analyzed is also toxic, wbale 

the strains from Italy and England are not Hie Scotti^ strain is toxic, but differs 

significantly in toxin conqwsitionfiom the profiles di^layed by the ATTL strams. The 

latter are more similar to those displayed by the Japanese strains than the Scottish. This 

is due to the presence of dcGTXS, neosaxitoxin and saxitoxin in the Scottish strain, 

which are lacking in the Thau and Japanese strains. AddttionaDy, the Scotti^ strain 

lacks GTX 5, while both the Thau lagocm stirains and the Japanese stram possess this 

toxin (Fig. 7). Together, these toxicity results suggest that both Thau Lagoon strains are 

more closely related to^. catenella populations from Temperate Aaa than they are to^. 

temor^nye popufetions in Eurcq)ean waters. 

Overall, the genetic and toxicity results suggest, that the Alexandrium catenella 

population in Thau lagoon was introduced recenttyfitHn Asian waters. While it may be 

possible for natural current pattrans to have introduced a population of ^. tamarense to 

the Thau Lagoon from neighboring waters, there are no natural mechanisms for dispersal 

of tiiis pianktonic organism from Asia to France. A much mor£ hkely introduction 

scenario is via cysts in ballast water of commercial vessels. Alexandrium forms cysts as 
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part of its life history (Anderson and Wall 1978X and tiiesfe tan be found tsafliin the 

ballast water of vessels and are viable for long periods of transit {Hallegraefl^ GM. and 

Bolch 1991). The Thau Lagoon is in direct hydrographic coniniunication with the 

shipping port of S6te, France (Abadie, et al. 1999). We believe that a ship docked at Sete 

released ballast water containing^. caieneUa cysts that originated from eitihier Japanese 

or Australian waters. 

While we are able to hypothesize that the populations of Alexandrium catenella in flie 

Thau Lagoon was introduced from the western Pacific, we are not able to put a date on 

this introduction. A search of the Seite port records indicates that no vessels arrived m 

Sete directly from eastem.Asia between 1990 and 1995, when the population of ^. 

catenella was first noticed (E. Abadie, personal communication). There are several 

possible explanations for this discrepancy. 

*riSv'' 

First, it is possible that the introduction took place prior to 1990. If the mitial population 

was small, it may have taken years to grow to a size substantial enough to be discovered 

by the monitoring scientists. Radionucleotide data taken from cysts of Gymnodinium 

catenatum in Tasmania radicate that this introduced species was present in Tasmmian 

water for approximately eight years before it was detected in the water column (McMinn, 

et al. 1997). It is possible that a similar delay ©dsted in this case. Unfortunately, 

shipping records prior to 1990 were not available to support this hypothesis. Second, die 

Sete records indicate only the last port of call for each vessel.   Because ships only 

^ 
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disdiarge the ^noimt of ballast coii^arable to the cargo they expect to take on, the ballast 

water of a ship may contain water and organisms fix)m several recent ports. Thus, a 

vessel conld have arrived in Sdte wilh b^ast water from eastern Asia, yet be recorded as 

coming from another location. Thirdly, the iotroduction may have taken place via 

another mechanism. 'For example, algae can also be transported with seed stock for 

shellfish farms. While transport of this sort is illegal in France, the possibiKty of an ilUcit 

transfer containing Alexandrium catendla from the western Pacific waters cannot be 

ruled out 

Regardless of the exact timing or mechanism of transfer, A. catenella seems to have 

thrived in its new raivironment.  The population was able to accumulate to numbers 

sufficient to produce toxicity. This suggests tibat new cysts wiU have fonned, andthat 

the colonization of the species will have been sustainedandperliaps strengthened Itthus 

seems Ukely that toxicity from A. catenella will recur on an annual basis in Thau Lagoon, 

interspersed vn&y A. mmutum, and possibly^, tdmarense, blooms. It is also possiWe that 

A. catenella will escape from Thau Lagoon, and cause PSP in ofeer locales. In fact, it 

may have afready done so, as there has been a recent report of Alexandrium catenella on 

the Catalan coast of ^ain (Vila, et al. 2001). 

In this case, it is too late to stop such a dangerous species introduction; but these data 
A. 

argue that there is a good justificaticm for ballast water regulations designed to remove 

phytoplankton and their resting stages from ballast tanks. 
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Figure 1: The location of the Thau Lagoon. Ddail: Bouzigaes i.o. Bouziges 
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Figure 2. Left: A diagram of the S.p. plate fiom isolate ATTlM^^miiecQDi^i&moa 

pore and the chamiel comiecting this pore to the right margin are c^am^^ 

Alexandrium catenella. Right: A light micrograph image of stiaiii ATlLai slibwmg a 

six cell chain. 
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Figure 3: RFLP patterns of selected Alexandrium isolates. Fragments were generated 

witii the en2ymes Nsp 1, Mse 1, and Apa LI. Lane designations are: S: molecular weight 

standards, 1: ATTLOl (Thau Lagoon), 2: OFlOl (Japan), 3: AST (Italy), 4: BAH ME 182 

(Scotland), and 5: AtFE6 (England). AITLOl and ATTL02 display the same pattern. 
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Figure 4: Sequence data for strain OFlOl, from Ofunato Bay (top row, throughout), 

J^)an and strain ATTLOl (lower row) (Scholin, et al. 1994). A "."denotes an identical 

base to &at in the S(^]uence above. rd 
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'OFlOl* 
'ATTLOl' 

ACCCGCTGAATTTAAGCATATAAGTAAGTGGTGGAAATTAAACCAACTGGGATCTCTTCAG 

TAATTGCGCATGAACCAGGATATGCTTAGCTTGACAAATGGAGCTGCTGGCTCTGAATTGT 

ATTGTGGGAATGTATTACCAACAGAGGTGCy^GGTGTCAGCGATTTGAAAGAflAGCATC^T 

GAGGGTGAGAGTCCTGTTTGTCATGTGCAGCCTTCTGTGCACGGTGTATATTTGCTGACTC 

ACACTCCTYGGCATTGGAATGCAAAGTGGGTGGTAAGTTTCATGCAAAGGTAAATATGCAA 

TTGAGACTGATAGCGCACAAGTACCATGAGGGACATATGAAAAGGACTTTGAACAGAGAAT 

TAAATGAGTTTGTATTTGCTAAACACAAAGTAAACAGACTTGATTTCCTCAGTGAGATTGT 

AGTGMTTGCTTRACAATGGGTTTTGGCTGCAAGTGCAATAATTCTTGCTTTGTGTGCCAGT 

TTTTATGTGGACATTTGATTACCTTTGCACATGAATGGTAATTTTCCTGCGGGGTGTGGAT 

TGCATATGCATGTAATGATTTGCATGTTYGTTAARTGTGTCTGGTGTATTTGTTTGTGTCC 
. . • T A  

TTGTCCTTGAGGTTGCTTTCTCCCTTGGGCTTACATGCCCTGGCACACACATTCTGGCAAA 

ATGCTTCTGCTTGACCCGTCTTGA2VACACGGACCAAGG 

Figure 4. 

^^ 

f^ 
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Figure 5: Maximtim I&elihood tree showing the relationship of the ATTLOl strain to 

other strains wi^ iSia^.A,tamarensis complex. Sequences for comparison were obtained 

from Scholin et al. 1994 and Lilly, unpublished data. 
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txmms^ 

Figure 6: Toxin content, expressed as fg^axitoxin equivalents per cell, in the two Than 

lagoon strains as compared to OFlOl (Japan), AST ^taly), BAH ME 182 (Scotland) and 

ATFE6 (England). 
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Figure 7: Toxin composition, expressed as mole % of the total toxins, in the two Thau 

lagoon strains as compared to OFlOl (Japan), AST (Italy), BAH ME 182 (Scotland) and 

ATFE6 (England). Values for epimer pairs have been combined. 
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Chapter V: Pbylogeny, biogeography and species boundaries within the PSP toxin- 

prodacingAlexandriumminutUmg^xtp. 

ABSTRACT 

The geogapMc range.and bloom fi^quency of the toxic dinoflagellate^/ewmrfnu/n 

minutum and other members of Ifae minutum complex apparently have been increasing 

over the past few decades; Some of these species are the responsible for paralytic 

shellfish poisoning (PSP) outbreaks throughout die world.. When a new toxic population 

is found in a previously unaffected area, it is typically not known whether the species is ^ 

indigenous or introduced, due to a lack of rehable plankton records with sound species 

identifications, and to the lack of a global genetic database. This paper provides the first 

comprehensive study of mmwft//n complex morphology andphylogeny on a global scale, 

including 47 isolates firom northern Europe, flie Mediterranean, Asia, Austraha and New 

Zealand. Neither tiie morphospecies^^. lusitanicum or A. angustitabulatwnwas 

recoverable morphologically, due to large variation within and among clonal cultures in 

the lengthrwidth of the anterior sulcal plate, shape of the 1' plate, connisction between the 

1' plate and the apical pore complex, and the presence of a ventral pore. 1>NA sequence 

data firom the Dl -D2 region of the LSU rDNA also failed to distinguish among these 

species. Therefore, we recommend &at all isolates previously designated as ^. 

lusitanicum ox A. angustitabulatumheTedesiga&tsda&A. minutum. WMe A. lusitanicum 

and A. angustitabulatum are not viable as independent species, four distinct genetic 

H-^'^r 
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gmvps are found within fheA. minutum. Two are to b€5 described as new species by M. 

Yoshida, and are here termed^, sp. 92TmdA. sp. A third grpup contains aB of the 

European isolates and strains from Australia and should remain^, mimtum. Justification 

for species level-status for the fourth group is given and the name A. pacifica is proposed 

to recognize the Pacific origin of this qjecies. A. tamutum and A insuetum are clearly 

different from^. minutum on the basis of both genetic and moridiological data, although 

both species are closefy related to A mzn«ft/?». Genetic variation wi&in the J)l-D2 

region ofAminutumis not sufficient to aHow for conclusive determination of the origin. 

of newly discovered A. minutum p<^ul^ons in Europe. However, the hi^ degree if 

similarity between isolates from Europe and AustraUa may indicate an introduction from 

Europe to Australia. The results ofthisp^per have greatly improved out ^ility to trade 

the siHread of^. minutum species andtounderstand the evolutionary relationships within 

this group by correcting inaccurate taxonomy and providing a global genetic database. 

INTlRODUenON 

or 

Some dinoflagellates of the genus Akxandrium produce the potent neurotoxin saxitoxin 

and its congeners, which are responsible for paralytic shellfish poisoning, or PSP (Tayi 

et al., 1995). While the genus contains aR)roximaitely 30 species (Balech, 1995), the 

Alexandrium re^x)nsible for most PSP-iwroducing blooms fall within either the 

tamarensis complex (A. tamarense, A fimdyense and A. catenella), or are members of the 

A. minutum ^cies gro\q> (CembeUa, 1998). Until recently, most PSP outbreaks globally 
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were caused by tamarensis^ Comdex species, wMe A. mtnutum was restricted to flie 

wann waters of the MeditOTaoean Sea, Taiwan, and New Zealand (Hallegraeff et al., 

1988). Since tiie mid 1980s, however, blooms of ^. minutum or similar species have 

been responsible for PSP in sonthem Australia OHallegraeffet al., 1988; Oshima et al., 

1989), northern France (Belin, 1993), Spain (Franco et al., 1994) and Ireland (Gross, 

1989), and toxic populations have been identified in Malaysia (Usup etaL, 2002), the 

Ncffth Sea (Elbraditer, 1999; Hansm et al., 2003; Nehring; 1998), Sweden (Persson et al., 

2000) and India (Godhe et al., 2000; Godhe et al., 2001). The range of toxic populations 

and the jfrequency of blooms also seem to be increasing in the Mediterranean (HonseU, 

1993), Taiwan (Hwang et al., 1999) and New Zealand (Chang et al., 1997; Chang et al., 

1999). 

The increase in range and bloom frequency of Alexandrium minutum parallels similar 

increases in the range and frequency of Alexandrium and harmful algal blooms in geoei^ 

(Anderson, 1989; Hallegraefif, 1993). "While the importance of increased monitoring and 

awareness of harmftd species cannot be overlooked, thore is no doubt that the rise in flie 

incidenceof PSP caused by these blooms is reali 

For iheiamarensis complex, it has been shown Aat human transport (Lilly et al., 2002) 

and natural cmrent pattems (Persich et al., 2003; Vila et al., 2001) may be important 

contributors to the recent increase. ¥OT Alexandrium minutum, it appeaii fliat nutrient 

loading from coastal eutrophication and aquacuhure may also contribute to the apparent 
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expaiisi(Miin bloomfiequencyandtoxicity (Bedieminetal., 1999;Giacobbeetal., 

1996; Hwang etai, 1999), but it has been difficult todocument wbfeUier new A minutim 

populations are emerging from "hidden flora"and are indigenous species or are recently 

introduced Ihrou^ nateal or human-assisfedpaftways. In Europe, monitoring records 

document the slow spread of^. minutim from France through Ireland, En^and, and 

Denmark (Hamsen et al., 2003; Nehiing, 1998), but DNA evidaice of the sort used to 

track population origins in the tamarensis coniplex has been lacking. Until recently; only 

a handful of DNA sequences were collected for studies on Alexandriwn or dinoflagellate 

phylogeny (SchoKn et al., 1994; Spalter et al., 1997; Walsh et al., 1998; Zaidoya et aL, 

1995). New DNA based monitoring efforts in Fratfce have yielded another half^iozen 

sequences (Guillou et al., 2002), but there is no global biogeographic database tiiat can be 

used to track population origins within the minutim group. This paper establishes that 

database and oflEers insights into the recent dig)ersal and &;:psDsioQ: of Alexandrium 

mz7zu2;u77z and related species. 

This p^er also seeks to clarify a second problem that hampers research on the expansion 

of ^/exanffrzMm blooms: species identification. Accurate species identification and 

delineation is crucial to mapping the biogeography of any organism, but species 

identification can be difficult in^/exa/ufnwn, andihe vahdity of certain species is in 

question: Traditional texoncmy in ^/exflTuiHeon is based upon detailed study of thecd 

plate tabiflationOBalech, 1995; Taylor et al., 1995). Delineations between species are 

mm 

made onihe basis of plate shape, attachment and pore locations (Balech, 1995; Taylor et ^ 
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al., 1995). Unfortunately, the iimddctti of these featores and the effects tiiat p^"^ 

environmental conditions may have upon them are unknown. Observations of variation 

in cultures and field populations have lead to the speculation that several key taxonomic 

traits which have beoi used to define species, such as the widtii of the sulcal anterior 

plate (Franco et d., 1995) and the existence of a ventral pore (Anderson et al., 1994; 

Hansen et al., 2003; Kim et al., 2002), may iiot be stable characters useful for species 

identification. Analysis of these and other key morphological traits in &e context of 

g^ietic research is needed. 

There are currently four species assigned by Balech (1995) to tibie mimetum gjcorxp: A. 

minutum, A. lusitanicum, A. angustitabulatum and A. andersoni. The unifying features of 

these species are small size, < 30|>im, predominwtly oval shape and a posterior sulcal 

plate (s.p., see Fig. 1) that is not quite symmetrical, wider than it is long and has an 

irregular anterior margin more or less divided into two parts. A. minutum is &e type 

spedesfor^/exant/nMm, first described by HaHm(Halim, 1960). Its plate tabulation is 

picturedinFig. 2, along with the other mm«ft<m group species. A. lusitanicum said A. 

angustitabulatum are both similar to A. minutum, and differ only slightly, vidth A. 

lusitanicum having an anterior sulcal (s.a.) plate that is wider than it is long and^. 

angustitabulatum having a 1' plate with the two larger margins nearly parallel and 

displaying no ventral pore between plates V mdA\ A. andersoni differs the most from 

Aminutum. ftisslightlylargerinsize,rangingfrom21 to35{jiminlen|th. Thes.p.is 

wider than long as in ^. minutum, but is cleariy angular and more asymmetrical in shape, 
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with a shortened left side. The s.a. is nearly triaigular in shape, and the 6" j^ 

uniquely arrow shaped left mar^. (Balech, 1995) ^^^ 

A fifth species, -4. insuetum^ is not jiicluded by Balech wilhin the minutum group due to a 

complete disconnection between the apical pore (Po) and the 1* plate. Balech uses this 

characteristic to place A. insuetum in the subgoius Gessnerium as opposed to the 

siibgenus Alexandrium in which the minutum group belongs. Howeyer, A. insuetum is 

also very small in size, 26.5-28.5 Jim, oval in shape, and displays the same shaped 

posterior sulcal plate (Balech, 1995). Additionally, the degree of connection between the 

1' plate and the Po in A. minutum and related species varies from a direct connection to 

connected byonly a filamentous projection of the 1* plate which is apparent only upon 

dissection of the theca (Balech, 1995). Phylogenetic studies of the entire Alexandrium 

genus show tiiat the subgenera division m Alexandrium is not recoverable through DNA 

analysis.and tiiat A insuetum is closely related to A. minutum (Lilly et al,, 2003). 

Therefore, tiiis species is included in all analyses in this papa*. 

METHODS 

Isolates. Table 1 lists the strains used in this study with their morphospecies 

identification, locality of origin, GenBank accession number and original citation. 

Strains were chosaQ to include all available Alexandrium minutum. 1. lusitanicum, A. 

angustitabulatum, A. tamutum, A. andersoni an.6.A. insuetum cultures and published 
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sequences. ^S©qaeoces were available in Gei^ai±^^f^^ 

derived from liie literature, andnewsequaices were derived from 31 cultures (Table 1) 

maintained as described by Anderson et al. (Anderson et al., 1984). Tbree cultures of ^. 

ostenfeldii, the most closely relatedMexandram species O^^illy et al., 2003; Spalter et al., 

1997), were also sequenced. Two additional cultures, AMADOl and GT PORT, which 

had been previously sequenced(ScholinetaL, 1994) w^e used along witb 28 of the 

sequaaced cultures for morphological analyses (Table 2). Cultures were incubated at 

either 15,20 or 26°C, dqpoiding iqwn which temperature most closely approxinwted the 

natural environment for each strain. 

Morphological analysis. One ml aliquotsixrere takai from 30 cultures (Table 2) 

in the eariy ejsponential phase of growtii. Each sample was diluted 1:5 with autociaved 

deionized distilled water to force ecdysis. Samples were then preserved with 5% ^ 

formalin. To these samples, 1% Triton X (Sigma Chemical Co.) was added to a final 

concentration of 0.1%. Samples were centrffiiged and tbe detergent was removed by 

aspiration leaving a dry pellet. TTie pellet was resuspended in 1 nal of 2 i«n filtCTed 

seawater. Five |J1 of Calcbfluor White (Sigma Chemical Co.) were added to the sample, ^ 

and allowed to stain for 10 minutes. The sample was again centrifoged and aspirated. 

The final pellet was resuspended in 200^1 of filtered seawater and stored at 4''C imtil 

analysis. Thecal plate structure was examined in these samples using a Zeiss Axioscop 

epifluorescent microscope with a Zeiss G365 excitation filter and a Zeiss long pass 420 

emission filter. Samples were observed for key morphological features used by Balech 
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(1995) fOT taxonOTQic purposes. The width and; sliape of tbe 1* plate, coanecticBB between 

the r and Po, existaice and location of the venteal pore, width and shape of the 6" plate, 

sh^>e of the S.p., and length and width of the s.a. were recorded (Table 2). Because the 

lengthnvid&t ratio of the sulcal anterior plate is cnicial to discriminate A. lusitanicum 

from^. mmutum- ten measureinents were taken to determine a clone average and within 

culture variation. Measurements were taken from the first ten flieca that presented the 

s.a. paraUel to the plane of focus. Images were c^rtured using a Rrinceton Instruments 

cooled eCD digital camera and IP Lab l^ctrum software, version 3.1.1c by Signal 

Analytics, Virginia, USA. 

DNA extraction. Because the multiple membranes and thecae of dinoflageHates 

can be difficult to rupture, we used a modified DNA extraction protocol. Cultures were 

harvested in mid-exponential phase and subjected to osmotic shock with the addition of 

deionized water at 4 times the culture volume to induce ecdysis. The cells were 

centrifiiged and thepelletresuspendedin 100 111 of the lysis buffer provided in &e 

Qiagen (Valencia, CA) DNeasy kit Samples were boiled for 25 minutes, frozen to 

-20"'C and thawed on ice. Whole cell lysis products were used directiy or the DNeasy 

protocol was then followed as recommended by the manufacturer. 

PCR amplification ofDl-D2 LSU rDNA. Approximately 7001^ of divergent 

domains 1 and 2 (D1-D2) of the large subunit ribosomd DNA (LSU rDNA) were 

amplified from purified DNA or \niiole cell lysis products using the polymerase diain 
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reaction with the DIR and D2C priihers md 1-5 ng tanplate, as pffevionsly desaibed 

(ScAolin and An(ferson^ 1994). Products were porijBed in Qiag^^^ 

purification columns and stc*ed in autodaived distilled deiooEed water <dDIW) at-20°C. 

The concditration of purified products w^detomined relative to a DNA mass ^ 

ladder OLowDNA MsBS Ladda~, Life Teclmologies, Qirisbad, CA). 

DNA sequencing. DNA sequencing was conducted with BigDye version 3;0 from 

Applied Biosystems, inc. (ABi; Foster City, CA). We used 6 |il volumes, with 20 ng 

template, 1.5 pM primer and 1 \il BigDye. Reactioiis were run for 30 cycles of 96°C for 

30 sec; 50°C for 15 sec; 60''G for 4 miin, with a final hold at 4°C. Reactions Were' 

purified via isopropanol prec^itation, then dried and stored it -20°C. Reactions were 

latier resuspended in HiDi Formamide and run on an ABI3700. Templates were 

sequenced in duplicate in both directions. 

DNA sequence analysis. Sequences were examined using the ABI Sequencing 

Analysis and AutoAssembler software and checked for accuracy of base-calling. 

Sequences were assembled in ABI AutoAssember and again checked. Sequences were 

aligned with published sequences and sequences of outgroup taxa using Clustal X 

(Gibson et al., 1994) and checked in MacClade (Maddison and Maddison, 2000). 

The Modeltest program (Posada and Crandall, 1998) was used to determiiie the most 

appropriate substitution model and associated parameters. PAUP version 4.0bl0 
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(Swofford, 2002) wasused for phylogaiBtic analyses. A parsimony analysis (1000 

random-sequence-ad#i(m replkates wifli tree-bisection-^-eco^ branch swapping) 

was used to generate starting trees for maximmn likelihood analyses using model 

parameters generated in Modeltest One hundred bootstrap replicates were run. Bayesian 

analyses were also run, using Mr. Bayes 2.01 (Huelsenbeck and Ronquist, 2001) and 

Modeltest parameters. The analysis was run for 100,000 generations with 6 chains. 

Trees were sampled every ten generations. 

Statistical testing. In addition to the bootstrap analyses, Shimodaira-Hasegawa 

likelihood-ratio tests (Shimodaira and Hasegawa, 1999) were prefonnedto test various 

hypotheses of Alexandrium evolution and stability of key nodes. The constraints used to 

generate tree topologies of selected hypotheses are listed in Table 3. For each constraint, 

nested maximum likeUhood analyses were run using PAUP as described above. 

Shimodaira-Hasegawa tests using RELL bootstrap (one-tailed tests) were carried out 

usingPAUP. 

RESULTS 

Morphological anafysis. 

Isolates wo-e examined both for the presence of the mi?mtiim group morphospecies and 

for the presence and stabihty of key morphological features among ail isolates. 

S>i 

M*^ 

5^ 
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Alexandrium lusitanicum. Moiphologicalaiialysiscoiildnotdisanminate bet^ 

tihtathadbeenpreviofuslyidentijSedasA /toritomoonand^.jwi/wftaMbasediq)onthe 

\nddth of fee s.a.. Balh groiq)S of isolates had an average laigthrmdfli ratio of 1.1 with a 

standard deviation of 0.1. When allisolates were grouped together, a continuous range of 

lengthrwidth ratios was found; isolates did not M into two separate groups. The range of 

variation within cultures exceeded the range of variation between cultures (Figure 4). 

There was also no difference in the width or shape of the 6" plate, which Balech gives as 

a secondary difference between ^4. bisitanicum and A. minutum (Table 2). 

Alexandritmt angustitabulatum. No cultures previously identified as A.angustitabulatum 

were available for study. However, the key morphological features which define A. 

angustitabulatum, parallel margms on the 1' plate and the ^sence of a ventral pore, were 

observed in the available cultures of other species. Five cultures had narrow 1' jAstes 

wifli parallel margins, five cultures completely lacked a ventral pore and a ventral pore 

was only sometime present and other times lacking ina sixth culture (Table 2). One 

culture, AMI, displayed both the parallel mar^ and lack of visntiral pore. See Fig. 5 for 

examples. It is important to note that witiiin all five cultures with parallel marginc on the 

1' plate, some specimens were observed having 1 * plates in which the margins were sub- 

parallel. Four cultures firom New Zealand, fte type locality of A angustitabulatum were 

analyzed. AU four cultures possessed a ventral pore. The two cultures firom the Bay of 

Plenty display^ parallel margros on the 1' plate while the other two cultures did not. 

^£^ 

»S4> 
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Alexandrhmmdersoni. One isolate of ^ midersoni was available for sttwfy. However, 

the isolate displayed all of the characteristics which distingifisli A. undersord frcan A. 

mimtum: the aiTow-sh^)ed 6" plate, a triangular s.a. of equal length and width and a s.p. 

with angular sides. Hie airow-shaped 6'» plate and angular sip. were not observed in any 

of theoHier cultures (Balech, 1995). The triangular sa. plate was observed only once, 

culture LAC 27. 

m 

Alexandriumtamutum. Two isolates previously identified as ^. tomwfton were available 

for morphological analysis. One isolate previously classified as A. lusitanicum, AL2T, 

was reclassified asAtamutum b^ed iipon morphological analysis. All three-isolates 

displayed a broad 1' plate with a Ml comiection to the Po and a wider than long s.p. 

plate. However, all of &esefeatares were also observed in otho- isolates. The 6'*plate 

&ese isolates was also quite wide, substantially wider than it was long. IMs chaiabter 

appears unique to A. tamutum, as it was not observed in any of the other isolates. Hie 

ventral pwe was a vari^le character, completely lacking in one isolate, placed hi# on 

the anterior margin of the 1'plate in a second, and midway along the anterior margm for 

the third isolate. 

m 

Alexandnwn insuetum. A single isolate identified as A. insuetum, D-155-B-1, was 

available for study. However, as wilh^. onierjom, this isolate di^layfed all of the 

morphological features typical of ^. insuetum. The theca was hi^y reticulated (Fig. 6c), 

both on the epitheca and the hypofheca. The 1' plate was not connected to the Po, and 

•\^ 

170 



was substantially shorteir and broader in appearance than tbe V plates of any ofiaie other 

strains exaBtiined. The s.a., 6" plate and S.p; plate resembled those of the A. minutim 

isolates examined. A ventral pore was obsaved midway along the anterior margin of the 

r plate. 

Thecal ornamentation for all cultures. Most isolates of ^. minutum and A. tamutum had 

no reticulation or omamaitetion on the theca. Plates were entirely smooth (Fig. 6b). 

Very fee ornamentation, consisting of areolated theca arid primitive reticulation was 

present on a few^. /nmuft/m isolates (Fig. 6d, Table 2). "Has ornamentation was more 

pronounced in two ^.mim/ftonisc^Mes from J^pan,D-163-^ ^S 

where it covared the entire hj^theca. For both isolates, howeva^, the epithecal plates 

were completely smooth. Strong reticulation was present only in D-155-B-1, the A. 

insuetwn strain. Several A. minutum isolates from New Zealand had thecal plates of 

uneven thickness, leading to a blotchy appearance, intercalary bands were observed on 

most isolates. 

Connection between the 1 'plate and Po. The degree of connection between the 1' plate 

and the Po varied among species and within strains <>f A. minutum. The variati<Mi was 

often correlated with the shape of the 1' plate. Where the 1' plate was broad arid long, a 

direct connection between the 1' plate and Po was always observed. The width of this 

connection varied between a full width connecti(m m which the r plate appeared 

truncated by the Po to a thinner connection where the 1' plate did not jq)pear truncated 
«S:i^ 
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yet still remained in full contact with Ihe Po. A broad 1 * plate that didnot contact the Po 

was only ol»erved in the A insuetum isolate. HoTyever, inthis case the shape of the T 

plate was very different, so sh^t diat is was nearly equal in length and width. In 

instances where the 1 * was narrow in shjtpe, the connection to flie Po could not be 

predicted. In some A. minutum isolates, there was a thin direct connection between the 1' 

andihe Po. On other instances, the 1' plate appeared disconnected fiom the Po. In these 

cases, the 1' plate narrowed into a fine point at the apical end (Fig. 5). This fine point 

was observed in sev«al instances to have a filamentous comection ysith 

filamentous connection was difficuh to obsCTvein some cells due to the overgrowth of 

intercalary bands, but was always jHresent when tiie theca was dissected. In several 

cultures, both the filamentous connection and a direct thin coonec^on were observed. 

Genetic analysis. 

The fin^ data set included 49 taxa and 683 characters, with none excluded for ambiguous 

alignment. Of the 683 characters, 414 were constant, 62 were variable but parsimony 

iminfonnative and 207 were parsimony informative. 

Model testing. ModelTest estinaated nucleotide frequencies as A=0.27G3, 

C=0.1646, G=02540, «id T=0.3111. The best fit to the data was obtained with six 

substitution types and rates, (AC: 1, AG: 2.3180, AT: 1,GG: 1,'CT: 6.6417,GT: 1), with: 

among-srte rate variation (a = 0.5099 with four rate categories) and'^8.23% of sites 
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assmned to be invaffiable. Tliese settings correspond to the TrN*I+G model (Tamora and 

Nei, 1993). 

Phylogenetic analysis. PaisimcMiy analysis returned 1020 most parsimonious 

trees, (tree length = 535). This set of trees was arbitrarily dichotomized and scored in 

PAUP (Swofford, 2002) using Hie likelihood model critaia. The 54 trees with the best 

likelihood score (-hi 2250.5451) were used as starting trees for the likelihood analysis. 

Three most likely trees of score -hi 2234.15708 were found (Fig. 7). Bootstrap values > 

60 are shown on Fig. 7. 

ThQ Alexandnumminutum/A.liisitam(MmyFf&[QS!^ 

strains falling into two main clades. The larger of these clades contained isolates from 

locations in Europe, Asia and the Southern Pacific and the smaller containing only 

isolates from New Zealand and Taiwan. Likelihood ratio tests indicated that the dose 

relationship between the Australian and European strains m the larger clade was 

significantly more hkely (p<0.000) that arrangements in which att of the Pacific strains 

are most closely related.  The smaller clade was vay well supported, with a bootstrap 

vahieoflOO. This clade was divided into two subclades, one contaiiing all of the f^i| 

isolates from New Zealand and the other containing two isolates from Taiwan. Neither 

ofthesesubclades had high bootstrap siqiport Some subdivisions were also apparent in 

the larger A. minutum/A. lusitanicum clade. Two of the strains taken from Scholin et al. 

(1994) consistently grouped together with bootstrap support of 100. The (mly other well- 

supported subclade was the group of both strains from Zardoya et al. (1995). TTie 
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airangemeat of strains witimi iMs large ctode were &e;Oidydiffereaices between flie tibree 

most likely trees. It is of note that this clade also contains aU of the strains previously 

identified as A. lusitemicum and that fliese strains do not form a separate group from the 

others, minutum strains. Instead, botii groups are di^)ersed throughout the clade and its 

subclades OFig. 7). 

Three A. minutum: straons <M not fall mto either of these dades. Strain Tk-Alex 

from J^an branched proximal to the larger A. minutum clade, while strains DT163-C-5 

and E)-l€4-G-6 branched basaUy to the larger, minutum clade, Tk^Alex, and the smallJ. 

minutum clade. These two strains had identical sequence, and their placement as a 

separate clade was supported with a bootstrap value of 100 percent The genetic 

distances betweai these four clades are high, ranging from a low of €% between the two 

main clades to 11% between the largest clade and the clade of the two J^panesestrams D- 

164-C-6 and D-163-C-5. 

The three A HWtte/m strains formed a hi^y supported clade, (bv 97), which w^ 

further dividedtoseparatethe two Japanese strains from the French stram (bv 100). 

The five ^.toTmrfwrn isolates fixan ftaly formed a wdl siq^ported clade, wife a 

bootstrap vahie of 89. Stjain AMTK-5 from Taiwan, which diq>lays the wide 6^ plate =of 

A. tamutum was placed immediately basal to the Italian strains. The separationx)f fee 

Taiwanese strain did not have high bootstrap suRwrt (bv = 62), but fee genetic distance 

between strain AMTK-5 and fee ItaHan A. tamutum was 4% compared to fee 1-3% 

divergences typically seen within ^/exa/tt/rium qjecies. 
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Hie single A andersoniisolateSdnothT3mhwi^myo{1i^A:mi^^ 

Instead, this sequence was more distantly related to^. mimtumUmi^eA. ostenfeldii 

outgroup, as seen in prior analyses (Lilly et al.,.2003), and was used to root the tree along 

with the A ojfeTt/eW/f sequences. 

Toxicity. 

The toxicity of many of the isolates in this study has been determined jfrom tbe literature, 

(GuilloTiet al., 2002; MacKenzie andBerkett, 1997; MacKenzie et ^., 1996; Scholin et 

al., 1994; Zardoya et al., 1995), and impublished data (D. Rulis and A. Beran, pers. 

comm.). Toxicity data was not available for several sequences obtained directly from 

field samples (GuiUouetal., 2002). All strains with known toxicity in the A ^omMtew 

and A. insuetum gnoups are non-toxic, as is A. andersoni, while A. ojfen^ii/zY contained 

toxic strains. The two smallest clades within^, minutum contain only non-toxic strains, 

although it is notable that only three strains are known for these two groups. The clade 

containing strains from Taiwan and New Zealand contains all toxic strains. The largest 

A. minutum clade contains both toxic and non-toxic strains. Toxicity, where known, is 

mdicated on Figure 9. 

EHKCUSSION 

TWs results of this paper indicate that the/n/Tzatom complex must be reshuctured. Tlie 

morphospecies A. lusitanicum and A. angustitabulatum are not valid as separate ^)ecies. 
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botJi onliie basis of morphological and g^etic analyses. It is therefore recommeaided 

that Ihe use of Ihese names be discontinued, and cultures and other material previously 

designated as .4. /as/tomcwOTor^; mgustitabulaiumhtTedGsigpatedA. minutum. 

However, while tiiese morphospecies do not appear to be vaUd ^ecies, the phylogenetic 

analysis did reveal four distinct populations within^, minutum, with genetic distances 

among them con5)arable to those among oUast Alexandrium species. The recently 

proposed^, tamutum does appearto be a valid species, showing true morphological and 

genetic differences from others, minutum isolates, although the fova:A:tamutum strains 

from Italy to not form a monophyletic clade with the morphologicaUy similar AMTK-S 

from Tawian. A. insuetum is also upheld as a vahd species, and it is shown to be closely 

related to A minutum md A. tamutum. This ^edes should be considered part of die 

minutum complex. A. andersoniaiso spears to be a separate species, although previous; 

data and this study both mdicate that A. andersoni may not be a member of the minutum 

speci^group. 

ToKonomic implications ofmorphology and phytogeny. 

The invalidation of ^. hisitaniam is not without support from the literature. Enrique 

Balech, who first described this species, writes in his manuscript on the Alexandrium 

genus that "the differences with A. minutum are so small that the species' indqjendence is 

doubtful" (Balech, 1995).   After noting that the "only truly distinguishing characteristic" 

is the width of the anterior sulcal plate, Balech (1995) recwnmendstiiat study of this 

plate should be emphasized. Here we have carefully examined the anterior sulcal plates 
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of over two dozeaA minutumsiiAA. lusitanicum isolates and found there to be no 

difference. It is also of note fliat tbe strain GT PORT, isolated from Obidos Lagoon and 

givenavariety of other names including 18-landA-18, is the strain <»iginally used by 

Balechinhis description of the A /MszYoH/cMm (Franco et al., 1995). While the average 

length:width ratio for this strain is slightly higher fbm the average for all strains (1.27 

compared to 1.1), the range of lengthrwidth ratios is great, ranging from 0.9 to 1.5 (Table 

2). 

Franco et al. (1995) studied this same isolate, 18-1, in addition to six isolates of A 

mimtum frrai Spain and Australia. They examined the anterior sulcal {dates, and also 

found that an individual culture could display s.a. plates ranging from longer than wide to 

wider than long (Franco et aL, 1995), though tiliese authors felt tiiat the Portuguese strain, 

the only^. lusitanicum in their study, had a long plate more often than the other strains. :/ 

In addition to their morphological work, Franco etal. (1995) examined the toxin: 

compositions of each of the strains and charted changes in toxin composition overthe 

growth curve of each culture. Again they found only slight differences in the Portuguese 

strain, as it had the same initial toxin composition as the other stirains, but did not vary in 

composition over its ^owth curve while the toxin composition of &e other strains did 

vary (Franco etal., 1995). The final conchisionof these authors wasthat J. lusitanicum 

probably was not a <Kstinct species from A. minutum. The same conclusion was also 

reached by Zardoya et al. (1995), although they examined only a sin^e strain each of A 

/itfztom'a/ffi and XmzTZttfton, from Portugal and Spain, respectively. They sequenced two ^§ 
^iJk 
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separate regions of the LSU ii)NA, the Dl-D2andD9-D10 divergent domains, and 

found tibiatlfae sequences were identical for all regions examined (Zardoya et al., 1995). 

Mendoza et al. (Mendoza et al., 1995) siqjport this result wifli their finding that antisera 

developed against the same two isolates used by Zardoya et aL (1995) were unable to 

distinguish betweeii the A/Msrton/c«TO and i4. miramflw strain. 

There are very few reports of ^. angustitabulatum in. the hterature. It was originally 

described firom New Zealand, where it co-occurs with A. minutum (Balech, 1995). A 

recent study in Denmark and other European locations (Hansen et d., 2003) documents 

the presence of ^. minutum cells that lack a ventral pore. Ihe authors also give examples 

of variation in the shape of tiie 1' plate; withina single culture, with some cells displayii^ 

parallel margins on the 1' plate while othras did not <Hansenetal., 2003). Theiaalhors 

suggest that because of this variation, neilhertirait canbeusedto characterize a^pecies, 

andtiiusA angitf/rtofo//aft«wmustbeconspecificwithA minuft/m. Theresearch 

presentedhere leads to the same conclusion. It is also inq>ortant to recognize that tiie 

origmal description of A. minutum includes no mraition of a ventral pore (Halim, 1960). 

The debate over the taxOTiomic utility of the ventral pore is not a new issue in 

Alexandrium fexonomy;^^ This pore is the key distimguishihg trait between two other 

species,i4. tamc[rememdLA.fimdyenseiBsXe(Ai, 1995). Genetic research andother 

molecularbiological techniques have not been able to show dififereiices between A 

tamareme and A.ftaufyense (eg. (Scholin and Anderson, 1994; Scholin et al., 1994), and 
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strains of A. tamarensemidA.fimdyense have been showrito sexually rqsro^ce with one 

another yielding progeny that generally do not have a ventral pore (Anderson et al., 

1994). This is curious, as dinoflagellates are haploid in their vegetative state and thus the 

pattern cannot be explained with simple Mendelian genetics. Exacerbating this debate is 

the fact that the function of this pore remains unknown. Coupled wifli the morphological 

and phylogenetic evidence pr^ented here and in other p^ers, it seems that we must 

carefully reevahiate every instance in which the ventral pore is used for taxonomic 

purposes. 

While A. lusitanicum and A. angustitabulaium may not be valid as separatespedes, feere 

does ^pear to be both genetic and morphologic^ variation within ike A. minutum. Hie 

four clades on Figure 7 are phylogenetically quite distinct, with genetic ^stances of 6- 

11%. While this is the first study to show this difference with more than a single strain, 

other-works have noticed the high degree of sequence divergence between strain AmAB 

from New Zealand jmd other A mzTtu^z/misolates, which can be iq) to 6%, compared to 

the 0-2% divergence seen amor^ isolates ofthelargerAmm«tomclade (this Study and ^ 

Hansen et aL, 2003; Nascimento et al., 2003). A study of Alexandrium minutum sixwns 

from Australia and New Zealand shows tiiat the strains from New South Wales, in 

westem Australia, and New Zealand ^ffer substantially from the remaining Australian^ 

strains based upon 5.8s rDNA and ITS sequences and toxin compositional data (de Salas 

et al., 2001). As this study and the current study have two strains in common, AMAD06 f^^ 

and AMNZOl (called AMCWD13 by de Salas et al.), we can equate the eastern *'teans- 
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Tasman'^groiq^identifiedby de Salas et aL (2G01) to the New Zealand-Taiwan clade 

found in our analyses, while tiieir western Australian group corresponds to our larger 

^obally distributed clade. 

The genetic distinction between the four;/4.miKMft«nclades is clear. The remaining 

question to be answered is wiiether the clades represent subgroTq)s of a single species 

whether eachclade represents a sq)aratetaxon. The genetic distances among the clades 

of 6-11% are comparable to genetic distances between other species Alexandriim, sudi 

as A. tropicale and A. tamiyavanichii at 6% and A. affine (see Chapter m) and A. 

ostenfeldiidsAA. andersoni at 13% (this study, data not shown) and to distances among 

species of other Gonyaulacoid genera which range from 6-23%<EIlegaard et M.,2003; ... 

Monlresoretal.,2003). , 

For two of these clades, there is morphological evidence to support their erection as new 

species. Ik Alex displays an extremely small IT 0ate and other uni^ie dbaracteristics   : 

while flie two A. minutum strains which fafl basal to the other il mf?zMtom isolates in the 

phylogenetic analysis, D-i63-C-5 and D-164-C-6 (Fig. 7), show degree of reticulation 

on the hypothecal plates, "w^ich is stronger than any observed save for^l insuetum. Dr; 

M. Yoshida is currently preparing a manuscr^t to describe these species, and 

recommends that we tenn them^. sp. P2r(Tk-Alex) sad A. sp: until his manuscript is 

conq)lete. 

180 



Si^S 

There is no moiph6Iogicial data to siqjport a distinction between the two large groups of 

A. minutum str^ns based on the cbaiacters scored m tins study and data from'the 

literature (MacKenzie and Berkett, 1997). However, fiiis does not mean that two groups 

represent a single species. Phylogenetic support of the separation of these groiq)s as 

separate species comes from both the genetic distance (6%) and the fact that Tk-Alex, 

which does seem to be a separate species, is positioned between tiieseclades. 

Cryptic species are not xmkndwn among protists. Taylor (1993) gives a review of cryptic 

specie within the ciliates Paramecium and Tetrdhymena and the green alga Pandorina 

which are recognizable based on enzyme electrophoresis. Witihin dinoflageUates, ayptic 

species have been identified within Crypthecodiniiati cohnii through mating studies 

(Taylor, 1993). Recraitly, Montresor et al. (2003) have described oryptic species among 

isolates all morphologically belonging to Scrippsiella trochoidea. Using ribosomal DNA 

ITS sequences, the 51 trochoidea strains were separated into eigjht clades with genetic 

distances that were comparable to vaiiaition among other species of morphologically 

distinct Scrippsiella. Some of these clades could be distinguished based on minor 

morphological characters, much as our Asp. P2r arid A sp. can be distinguished, while 

other clades contained morphologic^y identical streuns, as do our two main J. mimitum 

clades. ■■ 

We propose that eaich of the four clades within^, minutum be given species-levd status. 

A. sp. 92TmiA. sp. will be described by M. Yoshida. The name^. iMz>i«ft/m should 

^-"■^ 
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belong to flie largest clade, as strains from the Mediterranean^ the type locality of ^. 

minutum, fell within this clade. For the remaiming clade we propose the name 

Alexandrium pacifica, as all eight strains are from the Pacific regi<m. Each clade has 

been named accordingly on Figure 8. 

The recently proposed new species y4. tamutum (Montresor et al, 2002) is certainly a 

species separate from A. minutum. The A. tamutum isolates differed morphologically 

from other A mzm^ftOTi isolates and are phylogenetically separated from A Tnmtttom 

stiaJDshY&eA.insuetum strains. The valadily of ^. /7ts«etem as a sg)aiate species has 

not been questioned, and thus its placement between A. minutum ml A. tamutum is 

strong evidence for thespecies status of A tom«/Mm. It is also of note that the A 

tamutum strains are all non-toxic (A. Beran, personal conanunication), while A minutum 

contains both toxic^d non-toxic strains. The ability to distii^di non-haimftil blpoms 

of^. ?am«ftfmfrompotaitially dangerous blooms of .4. mzhutom by morphological and 

genetic methods could be quite vahiable for the shellfish industries m the A&iatic. 

Finally, the inclusion of ^. insuetum as a member of fee minutum group is justified bofe. 

on moiphologicalandphylogeneticgroimds. Except for fee ccmection and shg)eof fee 

1' plate and fee strong degree of reticulation, A. insuetum is morphologically similar to   ; 

fee A. minutum and A. tamutum strains examined. The complete disconnection of fee T 

plate was used by Balech to define fee subgenus Gessnerium, yet Has subgenus is not 

recoverable by g«ietic mechanisms (Lilly et al., 2003). However, this feature does 

182 



y^-m^^rraiixsti^sBsufssfaxam^mw 

q>pear to have taxtmomic utiiity, as the c6iiq)lete disconnection of the 1' plate fiom the 

Po and the shortened 1' plate were not seen in any isolates other flian A. insuetum within 

this study. 

Toxicity. 

Within the tamarensis complex, thus far each of the five major phylogaietic line^es 

contains either all toxic or aHntMii-toxic. strains (Chapter HI and Scholin et al., 1994). 

This does not appear to be flie case^wi&in all of the mz/zMtom group species. While ^. sp. 

92TZDA.A. sp. are both non-toxic, these species are represented by a single isolates and 

only two isolates respectively. A. pacifica contains eight representatives, all of which are 

toxic. A. minutum, however, has the most representatives in the current study and 

inchides both toxic and non-toxic isolates (Fig. 9), which is some cases show no base pair 

differences in the D1-D2 LSU rDNA. Recently, a subclone of the isolate GT PORT was 

shown to have lost toxicity while in culture, yet other subclones of this same strain have 

retained their toxicity (Martins et aL, 2002). This type of toxicity loss has not been seen 

iaAIexandrium previously, and the reasons for its occurrence are not yet understood. It 

remains to be determined whether there mechanism for acquiring or loosing toxicity in A. 

minutum Coffers fromHiat of oHierAlexandrium. 

Biogeographic implications. - 

The sequence homogeneity between the European and Australian strains may provide 

usefid information on the historic diq)ersal of ^. minutum. de Salas et al. (2001) 
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hypothesize that A. tnimttum (=A.pacifica) from New South Wales and New Zealand 

maybenativetothesouthemPacific, while theA minutum strains found in western 

Australia could be introduced. The similar-to-identical sequences of Australian and 

European strains may in feet indicate a European origin for these populations. 

The high degree of homogendty within the v4. rwinwtom clade makes it im^^ 

track the. spread ofAmin«tomthrou^ Europe using B1-D2 sequence data. We can 

determine only that all of the European^, mmutumme dosely related, and may originate 

from the same ancestral population. A different, much more r^idly evolving, genetic 

marker must be found to discriminate among the Eurc^an strains. 

TAXONOMIC APPENDIX 

Alexandritmt pacifiea Lilly sp.nav. 

Class Dinophyceae Pascher 1914 

Order Gonyaulacales Taylow 1980 

Family Gonyaulacaceae Lindemann 1928 

Genus ^/exonJn'um Halim 1960 

Type locality: New Zealand 

Etymology: Named for the Pacific Ocean, from which all known str^os originate. 
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Table.l. Culture code, moiphospecies, origin, GenBank accession number and 

publication reference for sequences used in this study. 
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Table 2. Morphological data for cultures examined in this study. 1': The shape of the 1 * 

plate, B = broad, N = narrow, NP = narrow with parallel long margins, S = shortened 

plate, Vp: Presence and position of the ventral pore, - = no pore present, H+ = pore 

located at the anterior end of the 174' plate margin, M+ = pore located midway along the 

margin, L+ = pore located towards the posterior end of the margin, 1 '-Po: Conuection 

between the 1' plate and the apical pore complex, direct = direct contact was observed, 

fil/direct = both a filamentous connection and direct contact were observed, none = no 

contact was observed, plate: Thecal plate ornamentation, none = plates were entirely 

smooth, sf = some areolation or very fine reticulation was observed, fine = fine 

reticulation was observed, hght = distinct reticulation observed, strong = reticulation on 

plates obscured plate margins, S.p.: Shape of the posterior sulcan plate, A = plate was 

wider than long, &*: Shape of the 6" plate, vw = very wide plate, plate was wider flian 

long, w = wide plate, plate was equal in width and length, t = thin plate, plate was longer 

than wide, 1/w = length/width ratio of the sulcal anterior plate, m ^w = mean 1/w ratio, 1 

l/w = lowest 1/w ratio observed, hl/w = highest 1/w ratio observed.    - 
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Figure 1. Thecal plate tatbtilation and nota^on fox Alexandrium, redrawn from Balech 

(1995). A: ventral, B: dorsal, C: apical, and D: antapical. 
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Figure 1. 
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■snx-avx-v^ 

Figure 2. Plate diagrams showing ventral view and S.p. for the moiphospecies of the A. 

mmtumgroTjp, redrawn fix)m Balech (1995). A: A. minutum, B: A. lusiianicum, C: A. 

cmgustitc^latim,D:A.andersdni,daidE:A.insuetum, 

^i 

m 

^^^ 
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Figure 3. Differing de^ees of connection between tbe Po and the 1' plate, redrawn from 

Balech (1995). A: direct connection, B: filamentous connection, and C: cwnplete 

disconnection. 
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Figure 4. Lengthrwidth ratios of the anterior sulcal plates for 29 cultures. Table 2. Filled 

squares represent the lowest lengthrwidth ratio observed for each cultoe while open 

squares represent the highest value observed. 
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Figure 4. 
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■F'^ffympm^mimmxHAjMnij^i^-sciffH^^- 

Figure 5. Examples of the range in connection observed between the Po and 1* plate. A: 

direct connection, AL2T, B: filamentous connection, AL9T, C: filamentous connection, 

AM3, D: direct connection, AMFL, E: direct connection, AMFL, F: no connection, D- 

155-B-l. ': 
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yaSMM««W?«»8Ki-.a>gTi^:■^v^ 

Figure 6. Examples of the range oftiiecal plate Qmam^tetionobsCTVed. A: mpd&^ 

reticulation, strain D-163<:-5 hypotheca, B: smooA, unomamented plate, strain D-163- 

C-5 epitheca, C: strong reticulation, strain D-155-B-1, andD: areolation, strain AMI. 
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Figure 6. t^ 
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aaiBgB—1 

Figure 7A, B, and C. The tiuree inost likely trees retomed by maxipnim likelihood 

analysis, score -let 223415708. Straim are lal^fedw^^ their origii^ moiphospecies 

designation. Bootstr^ values are shown tehindrele^^t nodes. 
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Figure 8. Proposed new taxonomic structure as compared to ph3dogeny. Previous 

morphospecies designations are indicated after each strain: M = previously identified as 

A. minutum, L = previously identified as A. lusitdnicum. Bootstrap values are shown 

bdiind relevant nodes. 
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Figure 9. Comparison between phytogeny and toxicity. Toxic strains are indicated in 

bold type, non-toxic strains in light type. Gray type is used where toxicity is unknown. 
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Chapter VI: Conclusions 

This thesis has examined the dinofiagellate genus Alexandriwn, several species of which 

are responsible for causing Paralytic Shellfish Poisoning worldwide. The incidence and 

geographic range ofhoHi Alexandrium and PSP have greatly expanded in recent decades, 

and the major goal of ^s work was to examine Ihe phytogeny, taxonomy, and 

biogeogiaphy of .^fexramfrzuw in light of this recent expansion. 

Comprehensive, robust phylogenetic reconstructions were created for the Alexandrium 

genus, the tamarensis complex and the minutum group. The utility and validrty of 

morphologically defined species within the fomarew^K and m/wM/uOT complexes were 

examined, and several morphospecies were found not to represent true species divisions. 

A new taxoncMnic structure was proposed to accurately reflect relationships among strains 

in each complex. The evolutton of morphology and toxin producing ability were 

examined in each group. It was found that many morphological characteristics related to 

chain-fcHuiing ability and thecal plate structure were not robust indicators of gen^c 

relat^ness, and other characters that were more phylogenetically conserved were 

idaitified. Hie ability to produce toxins has been gained and lost multiple times through 

Alexandrium evolution, within the genus and in both the tamarensis complex and the 

minutum group. The phytogeny, taxonomy, and biogeography of Alexandrium were all 

analyzed in both the/amare/wis and m/TiMtem complexes to elucidate diq)ersal 

mechanismsand the recent increase in geographic range of Alexandrium. 
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First, a phylogeny was reconstructed for iheAIexandrium genus through D1-D2 LSU 

rDNA sequence analysis and conq)ared to tiaiMticmal mrajAoIogical taxonomy. 

Alexandrium split into two groups, tenned tiie a clade, which contained the 

morphospecies of the tamarensis complex, v4. catenella,A. tamarensemiA.fimdyense, 

A. qffine, A. concavum. A. tamiyavamchiiaDdA. tropicale. widthe pckde, v<^ch 

contained A. minutum. A, lusitanicum, A. insuetum,A. "tamutum, "■ A. ostenfekii; A leei, 

A. pseudogonyaulax, A. margelefii and A. andersoni. Interspecific relationships were 

unexpected and did not correlate with the morphological traits traditionally used to group 

species, although other traits, such as the shape of flie posterior sulcal plate, appeared 

phylogenetically conserved. This highlights the need to reexamine traditional 

morphological taxonomy inAlexandrium and tiiecate dihoflagellates in general. The 

rDNA based phylogeny provided in fliis chapter may serve as a fiameworkfOT 

restructuring ^/exam*riM7n morphological taxonomy. The ^iHty to produce toxins^d 

not correlate-with phylogeny, as toxic strains were interspersed with non-toxic strains 

throughout the phylogenetic tree. This suggests that toxicity has been acquked and/or 

lost multiple times during Alexandrium evohrtion. The mechanisms for &e faroduction of 

PSP toxins are unknown, and perhaps the ease with which toxicky is sfppsaeoAy gained 

and lost within this groiq) can offer insight into this problem. 

Because most PSP events are caused by either the tamarensis or mfmrfwrn coinplexes, fee 

phylogeny, species definitions, and biogeography of each complex was studied in greater 
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detail. GH^ter HI focused on ftie tamarensis compfex, A. cateneUa,A- tamarense and A. 

^Tttfyejwe. Existing seqaence data were <^mbined\nith new rDNA sequences from 

strains originating in each of the six temperate continents to examine the validity of the 

morphospecies, reconstruct the biogeogr^hy of the tamarensis complex and determine 

the origins of new toxic populations. 

The mcophospecies A. catenella, A. tamarense. and A. fimdyense do not represent valid 

species by the phylogenetic, biologic or morphological species concepts. Instead, five 

cryptic species were identified through phylogeny and mating iucompatibility. Tentative 

names are proposed here, based on characteristics of each group. A. universa is found on 

all six temperate continents, while A. mediterra is currently known only from the 

Mediterranean. A. tamarensis includes the type location for the original description of 

Gonyaulax tamarensis, the name^. tasmanense reflects the type location of Tasmania, 

andv4. toxipotens indicates that these strains are ci^able of producing toxin. In fec^ all 

strains of ^. toxipotens and A. universa that have been tested contain PSP toxins, whiles. 

mediterra, A. tamarensis, and A. tasmanense contain only non-toxic isolates. This 

feature of tamarensis complex phylogeny could prove useful for monitoring agencies, 

which must often distinguish between toxic and non-toxic Alexandrium that display no 

morphological differences. Genetic probes specific to toxic and non-toxic clades could 

distinguish a potentially harmful Alexandrium population from one that offers no public 

health threat. However, while toxicity appears clade specific in the tamarensis complex, 

toxic and non-toxic strains intermingle in the genus as a whole and within the minutum 
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groupin particular, indicating that caution should be exercised-when using rDNA-based 

phylogenetics to distinguish toxic and non-toxic species of the tamarensis complex. 

The reconstructed biogeography indicates that while natural dispersal has shaped much of 

the Alexandrium distribution, human-assisted transportation and introduction of 

Alexandrium to new environments are responsible for recent increases in the geographic 

range of PSP. Human alteration of habitat and environmental change probably have also 

played a r(^e in aUowing native "hidden flOTa" that were lareviously imdetected to bloom 

to nuisance proportions and cause toxicity. 

The human-assisted tranqwrt of toxic A. catenella-type (= A. toxipotens) cells from Asia 

to the Thau Lagoon, France, was investigated in chapter IV. Monitoring records for over 

a decade clearly document that the tomarewis complex was not present prior to its firet 

detection in 1995. After the q)parent introduction, the population took hold and caused 

PSP in 1998 and subsequent years. This chapter provided morphological, DNA sequence 

data, and toxin composition and toxin content profiles to demonstrate that the source of 

the introduced Alexandrium was the western Pacific, the only possible means for 

Alexandrium to move from the western Pacific to the Mediterranean in recent times is 

with human-assistance. This case demonstrates the need for increased stringency in 

ballast v^ter control and the importation of shellfish seed stock to prevent jfiiture 

introductions of harmful or toxic q)ecies into new enviromnents. 
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Oiapter V of fliis thesis provides the iBrst conq)rehensive -glotel phylogeiietic study of iiie 

minutum groiq). A. lusitanicum and^. angustitabulatum were shovm not to be distinct 

sp&iies based on morphology and phylogaiy. However, three new minutum group 

species were identified on the basis ofmorphology, phytogeny and prior research. Two, 

here termed ^ sp. 92Tmd A 5p., will be described by Dr. M. Yoshida as new species 

usingmorfAological details of the theca and the ^lylogenetic evidence showing that ±e 

strains of these new species do not gror^ with other :<4." minutum and that ^e new species 

show high percentages of genetic divergence from A. minutum. The third new ^pfecies, A. 

pacifica is named for the Pacific Ocean, where it is native. No morphological differences 

between ^:/yacji^ca and i4. miwMtoM were tmebvered by this study, but the DNA 

sequence data supports the segregations of this species. The new species A. sp. 92T 

which is clearly different is placed between^, pacifica and A. minutum, genetic distances 

are again hi^, and the clade of ^. ;?aci^ca is supported with 100% bootstrap vahies. It is 

shown that J. insuetum said A. tamutum are clearly distinct species closely rdated to ^. 

minutum. 

Within the^. minutum clade, strains from isoulhem Australian^, minutum and Eurq)ean 

A. minutum displayed identical rDNA sequences, -wiiich si^ppbits the hypo&esis fliat^. 

minutum was introduced to South Australia, presumably from Europe. Within Europe, 

the increasing geographic range of A minutum is shown to contain a single, genetically 

similar, population. This group is probably spreading by natural means, although the a^. 
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environmental fectors that have stimulated its diq)ersal are unknown and may be human- 

fffoduced. 

The pattern of toxic and non-toxic strains m the phylogenetic reconstruction for the 

minutum complex is more complex than that for the tamarensis complex. All strains of 

A. pacifica that have been tested for toxidty are toxic, while strains of A, sp. 92T, A. sp„ 

Ainsuetum and A, towMft/m are non-toxic. However,^, minutum contains both toxic and 

non-toxic strains, some of which share 100% sequCTice identity. 

This thesis demonstrates the importance of human action in causing Ihe recent expansion 

of PSP events worldwide, better define species boundaries andproN^des an invahiable 

genetic database for tiacldsxgfaimeAlexandrium spread and distinguishing harmfiil and 

non-to7dc Alexandrium blooms. It also hi^ghs the need to include DNA sequence and 

mating compatibility information alcmg with morphological variation when defining 

dinoflagellate species. Based upon such data, traditional taxonomy for the tamarensis 

complex and the minutum group was found to inaccurately represent relationships 

between species. New taxonpmic structures and new species are proposed for both 

species conqjlexes to better reflect the relationships among these important^)ecies. 

Additionally, this thesis has highlighted tiie need for future research in several areas. 

First, simply expandmg the woric conductedhCTein is needed. A more complete genus 

phylogeny including all of Ihe Inaavm Alexandrium species may reveal additional insight 

^ 

m4 

8i 

224 



into Ti«iHchmorphologieai characters that are useM for sf^ The 

taxonomy of the tamarensis aiid mwrntom complexes has been evahiated and a new 

structure proposed, and similar work drould be conducts for the remiainder of the genus. 

This would be especially usefiil in other PSP-producing specie, such BsA.ostenfeMii or 

A. tamiyavanichii and A. cohdrticula: Mating trials conducted in coordination with 

DNA-based phylogenetics would provide support for relationships uncovered and ojBfer a 

means for delineating species. Conducting phylojgenetic studies with a second, 

independent, genetic marker would paimlt tiie evahiatibn of alternative hypotheses to 

explain the conflict between LSU based phytogeny and morphology. 

It is also important to continue to €3q)and the geogjraphic range of strains included withm 

the data set. This thesis has shown how the mchasion of tomarew^is complex stains from 

South Africa, South America and Russia has improved bw aibihty to rec<Mistruct the 

group's biogeographic history. For example, when there were no samples along the 

Pacific coasts of Asia or North America between Alaska and Japan, it seemed hkely that 

the populations in Japan that were closely related to those in North America had befeh 

infoduced by human means. Finding strains of sinular genetic composition atong the 

Russian coasthne aid into the Baing Sea has indicated that&e Ja|)anese population may 

simply be a natural range extension of a single northern Pacific group. 

The interesting patterns seen between toxicity and phytogeny should be fiirther explored. 

There were many sequences used in this work for which toxin data was unavailable. 

225 



Some of tiiese were sequences derived directly fipm «ivirMHnaital samples, but other 

sequences were derived ftom cultures whidi could^ andshouM, be tested for toxicity. 

New strains should be-analyzed bo& for phylogenetic piacemoit and toxicity in species 

containing only a few rgnresentatives, such as A. mediterra. A. tasmanense, A. sp. 92T, A. 

sp.. and/4,tomM/Mm. While each of these species ^>pear to contain only non-toxic 

strains, a larger numba: of isolates may alter tiiis pattern. - Only two of fee 17 strains of 

Imown toxicity m^. mz>m/Mm were noit-tojdcwWk the others were an toH^^ 

presence of non-toxic strains ini4. minutum may have been missed if fewer strains had 

been tested for toxicity, which indicates the utiUty of larger sample sizes. 

FinaHy, many ofthe results ofthis thesis may be pertinent to <)ther fields. The lade of 

con^lete agreement between phytogeny andmoiphology is likely to be found inother 

protist taxa, and research similar to that described here should be conducted to duddate 

relation's among taxa and cryptic taxa. This tiiesis has shown how accurate taxonomy 

and DNA studies can help to uncover the origins of introduced populations, and simili 

fc^ 
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techniques could be used in situations with other introduced species. The importance of S 
m^ 

human actions in alteringhabitats and transporting toxic spedes has been clearly 

demonstrated in this woric, and perfiaps these results will aidin managing global B 

resources and mitigating environmental damage fix)m harmful algal blooms. 
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